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This work considers the s tre n g th  o f the carbon f ib re  in  u n id ire c ­
t io n a l  composites con ta in ing  a m ixture o f g lass  and carbon f ib r e s ,  commonly 
termed Hybrid Composites. I t  has confirmed e a r l i e r  rep o rts  o f enhancement 
of the f a i lu r e  s t r a in  o f the  carbon f ib re  in  hybrids w ith  re sp ec t to  s im ila r  
composites which con ta in  only carbon f ib re .  The main o b jec tiv e  has been to  
in v e s tig a te  th e  r e la tio n s h ip  between the mechanical p ro p e rtie s  and th e  r a t io  
o f  the two re in fo rc in g  f ib re s  and th e i r  s ta te  o f d isp e rs io n . Hybrid-com posites 
covering a wide range o f d isp e rs io n  and r a t io  have been fa b ric a te d  and te s te d .
The s tre n g th  o f the  carbon f ib re  re in fo rced  p l a s t i c  phase (c frp ) in  
the  h y b rid  composites can be exp lained  by a model which considers the s t a t i s ­
t i c a l  p ro b a b ili ty  th a t  the  in d iv id u a l (micro) f ra c tu re s  which occur a t  flaws 
in  the  carbon f ib re s  w i l l  lead  to  a gross f ra c tu re .  This model allows the 
s tre n g th  o f  the c frp  to  be r e la te d  to  the  s tren g th  o f s in g le  f ib r e s ,  and 
p re d ic ts  the tren d  o f decreasing  s tre n g th  as the volume o f the  in d iv id u a l c frp  
component i s  in c reased . Laminates o f eq u iv a len t s iz e ,  b u t con ta in ing  carbon 
f ib re  alone are weaker, and do no t follow  th is  tren d . This behaviour i s  n o t  
fu l ly  understood b u t i s  thought to  be governed by d efec ts  in troduced  during 
fa b r ic a tio n .
The work has a lso  in v e s tig a te d  the m icroscopic and macroscopic 
mechanisms o f f a i lu r e ,  w ith an emphasis on the r e d is t r ib u t io n  o f load when 
fra c tu re s  occur in  the cfrp  components o f the  h y b rids. This i s  im portan t in  
understanding th e i r  o v e ra ll  load /ex tension  behaviour and in  determ ining w hether 
f a i lu r e  i s  p ro g ressiv e  and co n tro lle d  as opposed to  c a ta s tro p h ic .
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NOTATION
A bbreviations
AE a co u s tic  em ission
grp g la ss  f ib re  re in fo rced  p la s t i c
c frp  carbon f ib r e  re in fo rced  p la s t i c
HMS high-modulus su rface  tre a te d  (carbon f ib re )
HTS h ig h - te n s i le  su rface  tre a te d  (carbon f ib re )
cd f cum ulative d is t r ib u t io n  fu n ctio n
Symbols - (sp e c if ie d  by su b sc rip ts )
E Young’s modulus
o s t r e s s
e s t r a in
u P o isso n ’s r a t io
P f ra c t io n  o f volume re in fo rced  w ith  one o r o th e r  type o f  f ib re
t  th ick n ess  o f a p ly , o r composite as a whole
L leng th
D d isp e rs io n  ( ^ t r )
a crack leng th
s depth o f d e fec t
x d is tan ce  from a tra n sv e rse  f ra c tu re  o f c frp  component
T tem perature
A d iffe ren ce
At s e p a r a t i o n  b e tw e en  g l a s s -  and  c a r b o n - p l i e s  a t  d e la m in a te d
i n t e r f a c e
S s t i f f n e s s , defined  as S = E t
y f ra c tu re  energy term
t  sh ear s t r e s s  (ac tin g  a t  in te r fa c e  between p l ie s )
s t i f f n e s s  param eter: 1 + 1 . - 2
c  g 1
J  cum ulative d is t r ib u t io n  fu n c tio n  fo r  f a i lu r e  o f a body
W cum ulative d is t r ib u t io n  fu n c tio n  fo r  f a i lu r e  o f  f ib re s  in  a
composite
G cum ulative d is t r ib u t io n  fu n ctio n  fo r  f a i lu r e  o f  a bundle o f  f ib re s
H cum ulative d is t r ib u t io n  fu n ctio n  fo r  f a i lu r e  o f  a composite
w IVeibull modulus
oQ W eibull s c a lin g  param eter
Gamma fu n c tio n  
in e f fe c t iv e  leng th
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K s tr e s s  concentration factor
S ubscrip ts
h of the hybrid  composite as a whole (undamaged)
g o f the  grp component o f a hybrid  composite
c o f the  c frp  component o f a hybrid  composite
u u ltim a te
1 a t  a s p e c if ie d  leng th
r  re fe re n c e , o r  rep ea t
• o l im itin g  case , re fe re n c e , sc a lin g
m number o f  elements ’chained’ in  s e r ie s
n number o f  f ib r e s ,  o r number o f elements ’bundled’ in  p a r a l le l
D o f delam ination
f  f r i c t io n a l
t  o f therm al o r ig in
R w ith  reduced load
S u p ersc rip t
mean
Uiapxer une
INTRODUCTION
1-1 GENERAL ASPECTS OF MIXED FIBRE COMPOSITES.
1-1-1 What are  Hybrid Compo s ite s?
The term Hybrid Composites has re c e n tly  been coined to  d escrib e  
a novel c la s s  o f f ib re - re in fo rc e d  m a te ria ls  which con ta in  two or more 
d i f f e r e n t  types o f re in fo rc in g  f ib re  in  a common m atrix . M ate ria ls  
re in fo rc ed  w ith  a s in g le  type o f n a tu ra l  or man-made f ib re  have been 
used fo r  many years * b u t w ith  the  advent o f a g re a te r  v a r ie ty  o f h igh - 
perfoim ance f ib r e s ,  such as g la s s , carbon, alumina, boron and newer aramid 
organic f ib r e s ,  the  p o s s ib i l i ty  of mixing f ib re s  i s  a t t r a c t in g  considerab le  
a t te n t io n .  The main o b jec tiv es  of combining f ib re s  are  to  achieve a balance 
o f m echanical p ro p e r tie s  which cannot be r e a l is e d  in  composites o f one 
f ib re  type , and to  produce s tru c tu re s  which make optim al use o f the  
expensive re in fo rcem ents. A wide range of s tru c tu re s  ta i lo r e d  towards 
s p e c if ic  a p p lic a tio n s  has been proposed, in  which the degree o f mixing 
of the f ib re s  can vary  from in tim ate  combination a t  the f ib re  le v e l ,  to  
s e le c t iv e  reinforcem ent w ith  la rg e  d is c re te  volumes o f a s in g le  type o f 
f ib r e .  The p o in t a t  which s tru c tu re s  con ta in ing  a number o f re in forcem ents 
can p ro p erly  be c a lle d  hybrid  composites is  the su b je c t o f  some debate . A 
l iv e ly  d iscu ss io n  a t  the f i r s t  In te rn a tio n a l Conference on Composite 
M ate ria ls  in  Geneva, 1976, i s  summarised by P h il l ip s  (1 ) ,  and two years 
l a t e r  a t  ICCM I I  in  Toronto (11), th e  animated panel d iscu ss io n  on hyb rid  
composites could s t i l l  n o t produce a d e f in it io n  to  b e t te r ;  "A h y b rid  fib ro u s , 
composite m a te r ia l i s  a composite c o n s is tin g  o f two or more f ib ro u s  m a te r ia ls  
in  one common m a trix , or one f ib ro u s  m a te r ia l in  two or more m a tr ic e s .” 
However, a consensus of opinion h e ld  th a t ;  "U niform ity o f d isp e rs io n  o f  
fib ro u s  m a te r ia l (s) in  the m atrix  d is tin g u ish e s  a hybrid  m a te r ia l as 
co n tra s ted  w ith  a hybrid  s tr u c tu r e ."  This d is t in c t io n  i s  n o t w ithou t 
p o in t, because i t  i s  th is  question  o f d isp e rs io n  which l i e s  behind th e  
in te r e s t  in  h y b rid s , and the attem pt to  c la s s i fy  them se p a ra te ly .
A number o f recen t s tu d ie s  o f hybrid  composites have shown th a t  
as the  mixing o f the f ib re s  becomes more in tim a te , the  r e s u l t in g  
p ro p e rtie s  d ep a rt s ig n if ic a n t ly  from the simple p re d ic tio n s  which are  
adequate fo r  s t r u c tu r a l  h y b rid s , con ta in ing  la rg e  elem ents re in fo rc e d  w ith  
a s in g le  type o f f ib r e .  In many cases composites o f hybrid  c o n s tru c tio n
nave b e t te r  p ro p e r tie s  tnan  m ignt be expected trom th e  sum of th e i r  
components, and th is  synergism has been termed the  Hybrid E ffe c t .  The 
a t t r a c t io n  o f hyb rid  composites l i e s  in  the p o s s ib i l i ty  o f a bonus 
in  perform ance, b esides the  a b i l i ty  to  m anipulate th e i r  p ro p e r tie s  
through the combination o f th e  d if f e r e n t  types o f f ib r e s ,  and th e i r  
o r ie n ta tio n .
1-1-2 In cen tiv es to  use combinations o f re in fo rc in g f ib r e s .
The overid ing  co n sid e ra tio n  in  th e  s e le c tio n  o f  m a te r ia ls  
i s  u ltim a te ly  the  o v e ra ll  c o s t e f fe c tiv e n e s s , and th is  i s  th e  main 
in cen tiv e  to  explore hybrid  com posites. The way in  which a co s t 
red u c tio n  can be r e a l is e d  depends very  much upon the a p p lic a tio n , and 
g en e ra lly  in v o lv es■ many fa c to rs  concerned w ith  f a b r ic a t io n , perform ance, 
and end use . For example, a carbon and g la ss  f ib re  hybrid  composite might 
be considered as an a l te rn a t iv e  m a te r ia l to  g r p . The s u b s t i tu t io n  o f 
s t i f f e r  and l ig h te r  carbon f ib re  fo r  a p ro p o rtio n  o f g la ss  f ib r e  could 
give a component which i s  more economical in  m a te r ia ls ,  cheaper to  
f a b r ic a te ,  l ig h te r ,  s tro n g e r , s t i f f e r ,  more fa tig u e  r e s i s t a n t ,  sm a lle r , 
o r w ith  o th er d e s ira b le  p ro p e r t ie s ,  the balance of which i s  determ ined by 
th e  components design . The economic b e n e f its  o f choosing a hyb rid  com posite, 
o r indeed composites a t  a l l ,  depend on the premiums a ttach ed  to  such 
d iv erse  fa c to rs  as w eight sav ing , perform ance, and l i fe tim e  o f th e  f in a l  
p roduct. I t  i s  p o ss ib le  to  make o b jec tiv e  comparisons between m a te r ia ls  
only by complete an a ly s is  o f the  complex in te ra c tio n s  between th ese  fa c to rs  
in  a p a r t ic u la r  a p p lic a tio n . One o f the  advantages o f com posites, and 
hybrid  composites in  p a r t ic u la r ,  i s  th a t  p ro p e rtie s  may be ad ju s ted  between 
r e la t iv e ly  wide lim its  to  meet s p e c if ic  requirem ents. Many examples 
o f commercial and research  a p p lic a tio n s , and design s tu d ie s  invo lv ing  
hydrid  composites have been described  in  th e  l i t e r a t u r e ,  e .g .  (2) ,  and 
are  reviewed by Summerscales and S hort, (3 ). Design co n s id e ra tio n s  fo r  
th e  use o f composites in  a number of im portant loading c o n fig u ra tio n s  
are d iscussed  by Rosen (12), and by the s tandard  works in  th e  B ib liography .
The s t i f f e e s s , f a i l u r e  mode, and fa tig u e  l i f e  are  th e  asp ec ts  
o f the  behaviour of hybrid  composites which have received  most a t te n t io n ,  
and appear to  be the areas which hold  the  g re a te s t  promise fo r  improvements 
over conventional com posites. In th is  work emphasis w i l l  be p laced  on 
hybrids w ith  two types of f ib r e ,  namely carbon and g la ss  f ib r e .  From 
Table 1 i t  can be seen th a t  th e re  are  considerab le  d iffe re n c e s  between 
the major high-perform ance f ib re s  now a v a ila b le , so th e re  i s  co n sid e rab le  
scope fo r  mixing f ib re s  to  achieve in term ed ia te  p ro p e r tie s .  E -g lass  i s
* Glass f ib r e  re in fo rc e d  p la s t ic s
by t a r  the  cheapest and most w idely used re in fo rc in g  f ib r e ,  b u t although 
i t  has a te n s i le  s tre n g th  comparable w ith  the  o th e r f ib r e s ,  i t  i s  3-5 tim es 
more compliant"!, and up to  tw ice as dense. O ffse ttin g  these  d isadvantages 
i t  i s  com paratively inexpensive , a t  cu rren t p r ic e s  about one te n th  th a t  
o f carbon f ib r e ,  which i s  a lso  produced in  q u a n tity . In many a p p lic a tio n s  
the  s t i f f n e s s  o f a grp s tru c tu re  designed on a s tre n g th  c r i te r io n  i s  
inadequate ,• and e x tra  m a te r ia l has to  be inco rpo ra ted  to  in c rease  the 
r i g id i ty ,  b rin g in g  w ith  i t  a w eight p en a lty . The s u b s t i tu t io n  o f a 
considerab le  p ro p o rtio n  o f th e  grp w ith  a sm aller volume o f a s t i f f e r  and 
l ig h te r  f ib re  such as carbon, can give a s u b s ta n tia l  in c rease  in  s t i f f n e s s ,  
e s p e c ia lly  i f  the  s t i f f e r  f ib r e  can be p laced  in  'the reg ions o f the  s tru c tu re  
which experience h ig h e s t s t r a in .  T yp ica lly  grp panels or beams would 
have th e i r  bending s t i f f n e s s  increased  by the in co rp o ra tio n  o f h ig h er modulus 
r ib s  or sk in s , see fo r  example (4 ). Very o fte n  s tif fe n in g a n d  w eight 
trimming e x e rc ise s  can r e s u l t  in  fu r th e r  b e n e f its  in  o th e r  p a r ts  o f a 
s tr u c tu r e ,  by reducing v ib ra tio n  loads and power demands on ac tu a tin g  
equipment (13 ,14).
The o th e r major a rea  in  which h y b rid iz a tio n  i s  o f  value i s  in  the  
c o n tro l of f ra c tu re .  Many high-m odulus, h ig h -s tre n g th  composites s u f fe r  from 
a tendency towards b r i t t l e  f r a c tu r e ,  which makes them su sc e p tib le  to  impact 
damage. The most n o to rious example of th is  must be th e  carbon fib re /ep o x y  
fan  b lades designed fo r  the RB .211 j e t  engine, which were unable to  w ithstand  
r a in  erosion  and impacts from b ird  in g es tio n . There i s  a p a r t ic u la r  
problem w ith  carbon f ib re  because in c reasin g  the su rface  trea tm en t to  
improve the  bond between f ib re s  and ty p ic a l r e s in  m atrices a lso  r e s u l t s  in  
a more b r i t t l e  mode o f f a i lu r e .  The in co rp o ra tio n  o f s tro n g  f ib r e s  w ith  a 
h igh  s t r a in  to  f a i lu r e ,  such as E- and S- g la s s , and th e  aramid f ib r e s ,  
in to  b r i t t l e  composites g en era lly  improves th e i r  impact behaviour. This i s  
d iscussed  w ith  s p e c if ic  re fe ren ce  to  g la ss  and carbon f ib r e  hybrids by 
Summerscales and Short (3) who provide a u se fu l review o f re c e n t re sea rc h .
A number of mechanisms have been proposed which involve c ra c k -b lu n tin g , 
f ib r e  p u l l -o u t ,  d iffe ren ce s  in  th e  bond between f ib re  and m a tr ix , and th e  
h igher s t r a in  energy a t  f a i lu r e  o f the  h ig h er e longation  f ib r e s .
Carbon and g la ss  f ib re  hybrid  composites g e n e ra lly  compare 
favourably  w ith  S1?  and c frp  in  fa tig u e , b u t both improvements and red u c tio n s  
in  performance have been rep o rted  (3 , 5) Low. modulus composites such as 
grp can develop high  te n s i le  s tr a in s  of the  o rder 0.03 to  0.05 befo re  th e i r  . 
u ltim a te  s t a t i c  s tre n g th  i s  exceeded, and i f  fa tig u e d  a t  h igh  s t r a in s  s u f fe r  
degradation  o f the  m a trix . By hybrid iz ing  w ith  h igher modulus f ib r e s  the
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load bearing  cap ac ity  i s  re ta in e d , b u t w ith  reduced s t r a in s  and 
prolonged l i f e  o f th e  m atrix  in  te n s i le  fa t ig u e , (5 ). However in  
tra n sv e rse  te n s i le 'a n d  shear loading the  h ig h er modulus in c lu s io n s  
can concen tra te  the  s t r a in  in  the m atrix  and p re c ip i ta te  i t s  f a i lu r e .
The engineering  of load bearing  c a p a b i l i t ie s  may n o t be 
the  prim ary reason  fo r  mixing f ib r e s .  Carbon f ib re  has a sm all n eg a tiv e  
therm al expansion c o e f f ic ie n t ,  w hile th a t  of g lass  f ib r e  i s  la rg e r  and 
p o s i t iv e ,  so hyb rid  m a te ria ls  w ith  in term ed ia te  expansion c o e f f ic ie n ts  
may be produced by combining the f ib re s  in  s u ita b le  p ro p o rtio n s .
E le c tr ic a l ly  conducting f ib re s  may be inco rpo ra ted  in to  in su la tin g  
composites to  p reven t s t a t i c  b u ild -u p  and to  provide e l e c t r i c a l  sc reen in g , 
o r to  allow  s u f f ic ie n t  conduction fo r  e le c tro p la t in g . Conversely 
in su la tin g  f ib r e  may be used to  b reak  conduction paths and p rev en t co rro sio n  
in  s tru c tu re s .  Thermal co n d u c tiv ity  and damping p ro p e rtie s  can a lso  be 
m odified by changing the  p ro p o rtio n  o f f ib r e s .  O p tica l p ro p erty  
d iffe re n c es  may be ex p lo ited  by using  opaque f ib re s  to  screen  f ib re s  which
are  su sc e p tib le  to  degradation  by ra d ia t io n , o r sk ins o f r e la t iv e ly
tra n sp a re n t composite may f a c i l i t a t e  in sp ec tio n  procedures fo r  su b -su rface  
d e fec ts  such as impact induced damage (15).
1-1-5 Scope o f  the  pre se n t work.
Most o f the examples • given in  the  previous se c tio n  o f  th e  d iv e rse  
a p p lic a tio n s  o f hyb rid  composites e x p lo it  a unique balance o f s tre n g th , 
s t i f f n e s s ,  and toughness which can be designed in to  such a m a te r ia l. But 
even when a h y b rid  so lu tio n  has been chosen on some o th e r design  co n s id e ra tio n  
i t  i s  s t i l l  im portant th a t  the  in te ra c tio n s  between components should be 
favourable fo r  these  p ro p e r tie s .  This work i s  an in v e s tig a tio n  o f sim ple 
hybrid  composites which aims to  id e n tify  th e  c o n s ti tu t io n a l  v a r ia b le s ,  and 
the  in te ra c tio n s  between components, which determ ine th e i r  s tre n g th  and 
mode o f  f a i lu r e .  A u n id ire c tio n a l  system w ith  g lass  and carbon f ib r e  in  
an epoxy r e s in  m atrix  has been chosen fo r  the follow ing reasons.
i )  The m ajo rity  of work rep o rted  in  the  l i t e r a tu r e  has been on 
hybrids o f th is  type , and has produced w ell documented examples o f  unexpected 
in te ra c tio n s  between re in fo rc in g  components.
i i )  The system i s  of commercial in te r e s t  because
a) Both types of f ib r e  are a lready  in  w idespread u se , 
and are  e a s i ly  combined as they are o f s im ila r  s iz e ,  
and are a v a ila b le  in  com patible forms such as p re -p re g ,
and tows o f s im ila r  w eight.
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d) r ro p e r r ie s  or composites la b r ic a te d  w ith  the  two types 
o f f ib re  are  very  d i f f e r e n t ,  p a r t ic u la r ly  in  d e n s ity  and 
modulus.
c) There i s  a s ig n if ic a n t  d iffe ren ce  in  th e  co s t o f th e  
f ib r e s ,  b u t i t  i s  n o t so g rea t as to  ru le  out the use 
of carbon f ib re  in  grp s tru c tu re s  because the  c o n tr ib u tio n  
o f  m a te r ia ls  co s ts  to  the  t o t a l  fo r  the  p roduct, tends 
to  be overshadowed by the  co st of f a b r ic a t io n .
i i i )  The system is  convenient experim entally  because
a) F ab rica tio n  i s  r e la t iv e ly  s tra ig h tfo rw ard .
b) There are la rg e  d iffe ren ce s  in  f ib re  p ro p e r t ie s .
c) The transparency  o f the  g lass  f ib r e  and r e s in  g re a t ly  
f a c i l i t a t e  th e  observation  o f f a i lu r e  mechanisms w ith in  
th e  com posites.
The forms in  which th e  f ib re s  are  a v a ila b le  have la rg e ly  determ ined 
the'w ays in  which they have been combined in  hy b rid s . Tows o f s e v e ra l 
thousand filam en ts  each, can be combined d i r e c t ly ,  or lam inated as 
a ligned  sh ee ts  pre-im pregnated w ith  re s in  F ig. 1, or as a woven fa b r ic  (2 ). 
Mixing a t  the  f ib re  le v e l is  tech n o lo g ica lly  more d i f f i c u l t ,  b u t tows o f 
f ib r e  can be spread in to  very th in  lay e rs  which may be combined befo re  
im pregnating w ith  r e s in ,  (7) and F ig . 1 . The p o ss ib le  lay-ups i l l u s t r a t e d  
in  F ig. 1 are  composed o f th in  la y e rs  or sm all bundles o f  f ib r e s  which 
are  repea ted  many times to  give a s tru c tu re  w ith  a r e la t iv e ly  uniform  
d is t r ib u t io n  o f f ib r e .  In  th is  work composites s im ila r  to  a l l  th ese  types 
have been in v e s tig a te d , b u t to  f a c i l i t a t e  observation  o f  f a i lu r e  and 
subsequent a n a ly s is , somewhat s im p lif ie d  geom etries have a lso  been adopted, 
in  which s in g le  lay ers  or bundles o f carbon f ib re  are in co rp o ra ted  in to  
g la ss  f ib r e  com posites, F ig. 2. With th ese  specimens i t  has been 
p o ss ib le  to  study  both  the  c h a r a c te r is t ic  mechanisms o f f a i lu r e ,  and the  
apparent enhancement o f carbon f ib re  p ro p e r tie s ,  the  Hybrid E f fe c t .  The 
o v e ra ll aims a r e : -
( i)  To deteim ine the e x te n t o f any Hybrid E f fe c t ,  and i t s  
dependence on the  c o n s ti tu tio n  and fa b r ic a tio n  h is to ry  o f a hyb rid  
com posite, in  p a r t ic u la r  the f ib r e  r a t io  and s ta te  of d isp e rs io n .
( i i )  To understand the  o r ig in  o f d iffe ren ces  in  s tre n g th  between 
hybrid  composites w ith  d if f e r e n t  geom etries, and to  r e l a t e  th i s  to  
th e o r ie s  o f f a i lu r e  in  com posites.
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L in j  10 aerermiiie m e mecnanisms operating  a t  a l l  s tag es  o f 
th e  development o f f a i lu r e ,  from m icroscopic damage to  gross f r a c tu re ,  
and to  understand  -how they are  in fluenced  by the c o n s ti tu tio n  and 
geometry o f th e  com posite. The damage re s u lt in g  from th ese  mechanisms 
f a l l s  in to  two c a te g o r ie s .
a) M icroscopic damage which determ ines th e  s tre n g th  a t  • 
th e  f i r s t  m acroscopic f a i lu r e  of p a r t  of th e  h y b r id ’s 
s tru c tu re .
b) Secondary damage which is  a sso c ia ted  w ith  m acroscopic 
f a i lu r e  o f the  components of a h y b rid , and which 
determ ines how p ro p e rtie s  are  degraded befo re  u ltim a te  
f a i lu r e .
1-1-4 U n id ire c tio n a l hybrid  f ib r e  compo s ite s  in  th e  con tex t o f 
composite m a te r ia ls :  a pe rsp e c tiv e .
The prim ary concern in  th e  d riv e  to  develop high  perforaiance 
composite m a te r ia ls  has been the improvement o f th e i r  s t i f f n e s s  and 
s tre n g th  w ith  re sp e c t to  d e n s ity . The reason  composite s tru c tu re s  are  
req u ired  to  develop th ese  h igh s tren g th s  is a consequence o f th e  n a tu re  o f  
the  high modulus m a te ria ls  them selves, whose s tren g th s  are  l im ite d  by 
d e fe c ts . In general high s t i f f n e s s  and s tre n g th  are  conferred  on a m a te r ia l 
by a high d e n s ity  o f s tro n g  bonds between i t s  c o n s titu e n t atoms, i . e .  
m e ta ll ic ,  co v a len t, o r io n ic . The th e o re t ic a l  maximum s tre n g th  o f th ese  
bonds i s  l im ite d  in  p ra c tic e  by f ra c tu re  mechanisms a sso c ia te d  w ith  th e  
d e fe c ts . These mechanisms are  b r i t t l e  crack growth, and in  some 
(predom inantly m e ta llic )  c ry s ta ls  p la s t i c  flow by d is lo c a tio n  movement.
The m ajo rity  o f high s tre n g th  m a te ria ls  are  no t m e ta llic  fo r  th i s  reason , 
b u t have s tru c tu re s  in  which peimanent shear deform ation by d is lo c a tio n  
movement i s  e n e rg e tic a lly  unfavourable on account o f charge displacem ent 
in  io n ic  s o lid s ,  or the h ig h ly  d ire c tio n a l  bond in  covalen t s o lid s .
In  th ese  covalen t m a te r ia ls , e .g . B, C, A12CL, m etal carb ides e t c . ,  
th e  lack  o f ready s l ip  systems r e s u l ts  in  a shear s tre n g th  which i s  much 
c lo se r  to  th e  t e n s i le  s tren g th  than  i s  the  case in  m etals, and th e re  i s  
consequently l i t t l e  opportun ity  fo r  the r e d is t r ib u t io n  o f load around 
d e fe c ts  in  th e  s tru c tu re ,  and th ese  c rea te  s tr e s s  inhom ogeneities which 
are  s u b s ta n t ia l ly  above the  mean s tr e s s  le v e l,  thus l im itin g  s tre n g th .
Where the network is  2-d im ensional, e .g . g ra p h ite , or e f f e c t iv e ly  1-dimen­
s io n a l,  e .g . K evlar, the  s l ip  systems (on c-p lanes in  g ra p h ite , o r between 
polymer chains) are  p erp en d icu la r to  the app lied  load in  the  maximum 
s tre n g th  o r ie n ta tio n , and do no t th e re fo re  o p era te . For th is  reason  many 
high s tre n g th  f ib re s  are  h igh ly  a n iso tro p ic .
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reduce the  s iz e  o f d e fec ts  which can then  only cause th e  f a i lu r e  o f a 
l im ite d  volume o f  m a te r ia l ,  making a n e g lig ib le  c o n tr ib u tio n  to  the  
general degradation  o f th e  s tr u c tu re .  The s tre n g th  l im itin g  d e fec ts  can 
be decoupled from the  rem ainder o f the s tru c tu re  by d isp e rs in g  the  
h ig h -s tre n g th  m a te r ia l in  a number o f ways, e .g . p r e c ip i ta t io n  hardening , 
w hiskers, p l a t e l e t s ,  o r f ib r e s .  F ibres re p re se n t a sp e c ia l case because 
they  a re  sm all in  only 2 dim ensions, and the  u t i l i z a t i o n  o f th e i r  s tre n g th  
in  the  th i rd  d ire c t io n  depends upon m ain tain ing  load in  th e  u n frac tu red  
p a r t  o f  f a i le d  f ib r e s .
In any 2- or 3-dim ensional s tru c tu re ,  o ther than  a cab le , load  
must be tra n s fe r re d  between f ib re s  in  the  d ire c tio n s  p erp en d icu la r to  th e i r  
axes, and h e re  two fu n c tio n s  are  accomplished by some form o f  m atrix  
m a te r ia l. The m atrix  and f ib r e  m atrix  bond must t r a n s f e r  u se fu l loads 
between th e  re in fo rc in g  elements o f the com posite, bu t a t  th e  same time must 
be s u f f ic ie n t ly  weak to  allow e f fe c t iv e  decoupling o f  f ra c tu re s  in  the 
elem ents.
A f ib r e  com posite, although in t r in s i c a l ly  s tro n g  in  only one 
d ire c t io n , i s  o ften  req u ired  to  ca rry  loads in  2, or p o ss ib ly  3 d ire c t io n s ,  
and in  these  combined s t r e s s  s ta te s  the s tre n g th  o f a u n id ire c tio n a l  composite 
in  d ire c tio n s  o f f  the  f ib r e  ax is  may no t be adequate, in  which case f ib re s  
a re  combined in  se v e ra l d ire c t io n s .  In 1- o r 2-dim ensional re in forcem ent 
w ith  continuous f ib re s  the f u l l  th e o re t ic a l  packing e f f ic ie n c y  can be 
approached however, in  3-dim ensional reinforcem ent the  l im i t  i s  75% ( i . e .
251 o f the  reinforcem ent in  each o f 3 d ire c tio n s )  such s tru c tu re s  are  a lso  
very  d i f f i c u l t  to  f a b r ic a te .  Consequently most composite s tru c tu re s  are  
u n id ire c tio n a l or 2-dim ensionally  re in fo rce d  rods or sh e e ts . To analyse such 
s tru c tu re s  i t  i s  necessary  f i r s t  to  understand how the s tre n g th  and s t i f f n e s s  
of a u n id ire c tio n a l  composite depend on those o f i t s  c o n s ti tu e n ts , and 
then  to  r e la te  th ese  to  the  behaviour o f  th e  s tru c tu re  as a whole. The 
e l a s t i c  p ro p e r tie s  o f composite lam inates have been reviewed by K elly  (Bib 1 ) , 
Ashton, H alpin P e t t i t  (Bib 6) ,  Jones (Bib 7 ). In  i t s  most g en era l form a 
f ib r e  composite may be a n iso tro p ic  as a r e s u l t  o f an iso tropy  in  th e  f ib r e  or 
m a trix , an iso tro p y  in  th e i r  d isp o s it io n , or bo th . The g en e ra lised  Hookes Law 
fo r  such an a n iso tro p ic  m a te r ia l in  a 3-dim ensional s tr e s s  s ta te  r e l a t e s  th e  
(9 element) s t r a in  te n so r  to  the  s tr e s s  te n so r  by an 81 elem ent s t i f f n e s s  
m atrix , o r i t s  in v e rse , the compliance m atrix .
(e i j )  “ ( Si j k l >) (a k l)  
where S in  the  compliance m atrix .
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to  th e  o rder in  which deform ations are  made, i t  can be proven th a t  th e  
s t r a i n ?s t r e s s , s t i f f n e s s ,  and compliance (e , a , S, C,) m atrices a re  
sym m etrical, i .e .1 *6 * 2 Q 2^ 6tC •
e 12 e<tc .
S1122 = S2211 e t c *
C1122 = C2211 e t c *
which reduces the  s t r e s s  and s t r a in  ten so rs  to  6 independent elements each, 
and the s t i f f n e s s  and compliance m atrices have 36 elem ents o f which only 21 
are  independent. A sh o rte r  n o ta tio n  may be used to  reduce the number o f 
su b sc r ip ts  req u ire d  as fo llow s:
al l ° i el l 1
a22 = °2 e22 2
a33 °3 e33 3
a23 = °4 t 23 2e23 e4 = Y23
a13 = °6 = t13 2e13 c5 y13
a12 °6 = t 12 2e12 e6 y12
Then( 1= ( s . . ) ^ ) in  co n trac ted  ro ta t io n .
In many cases symmetry o f the  composite allows th e  g en e ra lise d
Hooke1s Law to  be fu r th e r  s im p lif ie d . I f  th e  composite i s  o r th o tro p ic ,
i . e .  w ith  3 m utually  p erp en d icu lar p lanes o f m irro r symmetry, the 
r e la t io n  reduces t o : -
f \
£1 h i S12 S13 0 .. o 0 al
£2 S12 S22 > 2 3 ° . 0 0 a2
e3. S13 S23 S3 3 ° D 0 a3
y 23 0 0 0 S44 0 . 0 t 23
Y
31
0 0 0 . 0 h s 0 t 31
y12 \ »
0\ 0
0  0 0
s&6/ t 12 V /
i . e .  12 non-zero compliance or s t i f fn e s s  m atrix  elem ents, only 9 o f 
which are  independent in  each case. I f  the  composite i t s e l f  has a 
p lane in  which p ro p e r tie s  are  is o tro p ic ,  fo r  example a lig n ed  u n id ire c tio n a l  
m a te r ia l w ithout p lan a r s tru c tu re  r e s u l t in g  from lam ination , the  s t i f f n e s s  
m atrix  can be fu r th e r  reduced to
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h i 312 S13 0 0 0
S12 S22 S13 0 0 0
S13 S13 S33 0 0 0
0 0 0 S44 0 0
0 0 0 0 S55 0
0 0 0 0 0 >66
w ith  only 5 independent c o n s ta n ts , (1 i s  th e  f ib re  d i r e c t io n ) .
In ap p lic a tio n s  where th e  composites are  u t i l i s e d  as th in  shee ts  
in  p lane s t r e s s ,  through th ick n ess  s tr e s s e s  are  assuned zero , i . e .  cq, = 0
and the c o n s ti tu t iv e  equation  fo r  a lamina reduces to
0
t 23 0
T13 = 0
r 1 
£1 s l l S12
£2 = S12 S22
y12 0 0\ > \
\
° 1
° 2
T
1 2
/ k /
66
Laminated s tru c tu re s  are b u i l t  up from a nunber of th in  laminae 
whose p ro p e r tie s  a re  given by th is  r e la t io n ,  and so long as they  are  th in  
enough to  p reserve  plane s t r e s s  c o n d itio n s , co n sid e ra tio n  o f boundary load 
co n d itio n s , and s t r a in  co m p a tib ility , enables the  c o n s ti tu t iv e  equation  to  . 
be form ulated fo r  the  lam inate as a whole by ro ta tio n  o f the  ax is  systems fo r  
each lam ina as developed by Ashton, H alpin , P e t i t  (Bib 6) ,  Jones (Bib 7 ). 
These fou r m atrix  elements are  r e la te d  to  the  four eng ineering  e l a s t i c  
c o n s ta n ts : -
11
>22
12
>66
=  !/] 
.  V,
'11
'22
_u21/'E22
- v,
’12
' U12/E l l
When a lam inate i s  composed only o f a number o f  co -a ligned  lam inae, (e .g . 
the  lam inates s tu d ied  in  th is  w ork), th e re  i s  obviously no need to  co n s id e r 
r o ta tio n s  between laminae as in  the more general case , and i t s  e l a s t i c  
behaviour is  described  by the  lam ina c o n s ti tu t iv e  r e la t io n .
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m e g eneral prooiem or r e la t in g  tn e  e l a s t i c  co n stan ts  o f a 
u n id ire c tio n a l lamina to  the  e l a s t i c  constan ts  o f the  m atrix  and f ib r e ,  
and th e i r  d isp o s it io n , has been approached by many w orkers. Elementary 
bounds on e l a s t i c  co n stan ts  can be derived  by making the  simple assumption 
o f s t r a in  or s t r e s s  e q u a lity  in  the  m atrix  and f ib re s  and th is  leads to  the  
w ell known s e r ie s  and p a ra l le l .  (Voigt or Reuss) models. These bounds are  
q u ite  independent o f th e  c ro s s -s e c tio n a l geometry. For c i r c u la r  or 
p r ism a tic  f ib re s  randomly d isp ersed  in  a uniform  m atrix , good agreement 
between model and experim ent i s  achieved only in  the  case o f th e  
p a r a l l e l  ru le  o f  m ixtures (Voigt) bound fo r  the  lo n g itu d in a l modulus ( E ^ ) . 
The sim ple bounds d ev ia te  s ig n if ic a n t ly  fo r  a l l  th e  o th e r constan ts  and are 
le a s t  s a t is f a c to ry  in  the  case o f the in  p lane shear modulus G^*
In creas in g ly  so p h is tic a te d  bounding approaches, which take in to  account the  
s tru c tu re  o f  the com posite, have been developed, and are  reviewed in  Bib 1,
6 , 7. These can be c la s s i f ie d  in to  ’s e l f  c o n s is te n t’ models, and v a r ia t io n a l  
methods. A th i r d  exact method is  to  c a lc u la te  s tr e s s  f ie ld s  n u m erica lly  fo r  
r ig id ly  sp e c if ie d  a rray s  o f f ib r e s ,  from which the  e f fe c t iv e  e l a s t i c  co n stan ts  
may be ob tained .
There are  two versions of the s e lf - c o n s is te n t  model. That 
developed by H il l  considers a s in g le  f ib r e  embedded in  a uniform unbounded 
’m a tr ix ’ m a te r ia l whose e l a s t i c  p ro p e r tie s  a re  m acroscopically  s im ila r  to  
those o f the com posite. The s tr e s s  f i e ld  around the f ib re  i s  c a lc u la te d  fo r  
unifoim remote load ing  o f the  ’m a tr ix ’ and the  r e s u l t in g  expressions give 
reasonable  e s tim ates  o f th e  m atrix  dominated e l a s t i c  p ro p e r tie s  (E22 e tc )  
a t  low volune f ra c t io n s .  F ro h lich , Sach, K ild in sk i, Flermans, have 
extended th is  approach to  a f ib r e ,  surrounded by a co n cen tric  shea th  w ith  the  
e l a s t i c  p ro p e r tie s  o f the  m atrix , embedded in  a uniform  m a te r ia l w ith  
the  e l a s t i c  p ro p e rtie s  o f the com posite, and th ese  models have been fu r th e r  
extended to  reg u la r  arrays o f p a r a l le l  f ib r e s .
The v a r ia t io n a l  methods employ e l a s t i c  energy th e o r ie s  to  o b ta in  
bounds on th e  e l a s t i c  p ro p e r tie s .  The minimum complementary energy th e o r ie s  
provides the  lower bound (based on an app lied  s tr e s s )  and th e  minimum 
p o te n t ia l  energy th e o r ie s  y ie ld s  th e  upper bond (based on an ap p lied  
s t r a in ) .  Hash in  and Rosen have derived  expressions fo r  a l l  f iv e  e l a s t i c  
co n stan ts  fo r  tra n sv e rs ly  is o tro p ic  hexagonal and random a rray s  o f f ib r e s ,  
b u t even these  show poor agreement w ith  experim ent fo r  G^* H il l  has 
derived  expressions fo r  a l l  5 e l a s t i c  constan ts  which correspond to  the  
elem entary s e r ie s  and p a r a l le l  models, and has shown in  p a r t ic u la r  th a t  the  
lo n g itu d in a l modulus i s  given ex ac tly  by the  p a r a l le l  model when th e  P o isso n ’s 
r a t io s  of f ib re  and m atrix  are  equal, and d ev ia tes  by only a few p e rce n t fo r
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work. H alpin and T sai have developed equations to  in te rp o la te  between 
the  exact num erical c a lc u la tio n  fo r  a v a r ie ty  o f f ib re s  and a rray s , 
and provide a sem i-em pirical l in k  between a n a ly tic a l  and experim ental 
determ inations o f  the  e l a s t i c  co n s tan ts . These equations provide 
r e la t iv e ly  good es tim ates  fo r  p ra c t ic a l  ranges o f f ib re  volume f ra c t io n , 
b u t are  le a s t  accu ra te  in  the  case o f the  shear modulus. The curve 
showing the  v a r ia t io n  o f  Young's modulus w ith  f ib re  o r ie n ta tio n  F ig . 83, 
has been c a lc u la te d  from experim entally  deteim ined e l a s t i c  co nstan ts  fo r  
th e  same type o f epoxy r e s in  m atrix  as has been used in  th is  work.
1-2  INTERACTIONS BETWEEN THE REINFORCING COMPONENTS IN HYBRID COMPOSITES.
1-2-1 Young 's  Modulus,
In any h y b rid  composite o f th e  type shown in  F ig . l ,b o th  
f ib r e s  co n trib u te  to  the  lo n g itu d in a l s t i f f n e s s ,  in  p ro p o rtio n  to  th e i r  
modulus,and th e i r  r e la t iv e  volume f r a c t io n .  This i s  because in  te n s i le ' 
loading  a l l  f ib re s  have equal lo n g itu d in a l s t r a i n s , which leads to  th e  
sim ple p a r a l le l  ru le  of m ixtures expression  fo r  the  modulus o f the  h y b rid ,
Eh = Eg ( 1 - P c) + EC PC ( 1 )
where E i s  Young’s Modulus o f the  composite in  the  f ib r e  d ire c t io n , and 
P th e  f ra c t io n  o f th e  c ro ss -s e c tio n a l a rea  re in fo rc ed  w ith  a p a r t ic u la r  
type o f f ib r e ,  designated  by su b sc r ip t g or c fo r  g la ss  or carbon. S u b sc rip t 
h r e fe r s  to  the  hyb rid  composite as a whole.
This expression  shows th a t  the modulus should be com pletely 
independent of the d isp o s itio n  of the  re in fo rc in g  components, and th i s  has 
been confirmed experim en tally  by Bunsell and H arris  (6),.Marom e t  a l  ( 8) ,  
P h i l l ip s  (2 ), and Avestcn and Sillwood (7) using  carbon and g la ss  f ib r e ,  
and by Edwards e t  a l  (17) using  HMS and HTS carbon f ib r e ,  and a l l  th ese
r e s u l t s  are  summarised in  Table 2. The ru le  o f m ixtures expression  ( 1  )
can be p resen ted  g ra p h ic a lly , F ig. 3 g iv ing  modulus as a fu n c tio n  o f th e  
f ra c t io n  o f  th e  c ro s s -s e c tio n  re in fo rce d  w ith  each f ib r e ,  th e  two end 
com positions being grp and c f rp .
Rather sm all d ev ia tio n s  from l in e a r  e l a s t i c  behaviour a t  low 
s tr a in s  have been a t t r ib u te d  to  changes in  th e  modulus o f th e  carbon f ib r e ,
and are  d iscussed  in  se c tio n  2-3-2 . In any loading co n fig u ra tio n  o th e r
than u n ifo ra  te n s io n  or compression in  th e  f ib re  d ire c t io n ,  th e  modulus 
w i l l  be s e n s i t iv e  to  the  s tru c tu re  of th e  h y b rid , and such a sim ple approach 
cannot be adopted. No evidence has been p resen ted  th a t  conventional 
e l a s t i c i t y  theory,, fo r  example lam inated p la te  a n a ly s is  (B ib .6) ,  i s  unable 
to  cope w ith  th ese  cases , (11). However a f te r  p a r ts  o f a hybrid  s tru c tu re  
have f a i le d  th e  modulus w i l l  depend on the  way in  which load i s  r e d is t r ib u te d  
w ith in  the  u n fa ile d  p o r tio n s .
1-2-2 The evidence fo r  a hyb rid  e f f e c t .
The f i r s t  macroscopic f ra c tu re  in  a hybrid  occurs 
in  the  f ib r e  w ith  the low est f a i lu r e  s t r a in ,  which i s  in  th e  carbon 
f ib r e  in  a carbon /g lass  system. This does n o t n e q e s sa r ily  r e s u l t  in
complete lo ss  o f load  bearing  a b i l i ty .  The te n s i le  f a i lu r e  s t r a in  o f  th e
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caroon n o r e  component i s  u su a lly  g re a te r  than  th a t  o f a s im ila r  u n i t  te s te d  
in  i s o la t io n .  This enhancement o f  the  carbon f ib re  f a i lu r e  s t r a in  i s  u su a lly  
re fe r re d  to  as th e  hybrid  e f f e c t ,  and i s  f i r s t  c re d ite d  to  Hayashi (9 ), 
b u t has a lso  been found by B unsell and H arris  (6) ,  Zweben (10), Aveston 
and Sillwood (7 ), Marom e t  a l  (8) ,  P h i l l ip s  (2 ), and Edwards e t  a l  (17), whose 
r e s u l t s  are  c o lle c te d  and summarised in  Table 2, and a lso  in  th is  work, se c tio n
2-3. Typical f a i lu r e  s t r a in  in c reases  a re  between 5% and 50% in  systems where 
tows o f s e v e ra l thousand f ib r e s ,  o r where lay ers  of roughly  tow th ickness 
( ^150ym) are  combined, and up to  about 100% where f ib re s  a re  more in tim a te ly  
mixed. The com pilation o f Table 2 was f ru s t r a te d  by th e  om ission by 
se v e ra l au thors o f experim ental d e ta i l s  o f  the  m a te ria ls  and f a b r ic a tio n  
procedures used ( in  p a r t ic u la r  cure tem peratures).., and o f adequate d e sc r ip tio n  
o f t h e i r  t e s t  methods and specimen designs. In sev e ra l cases i t  i s  n o t 
c le a r  what c r i te r io n  fo r  f a i lu r e  has been adopted fo r  the  s tr e s s e s  quoted, 
even when th e  authors no te  the  p ro g ressiv e  n a tu re  of f a i lu r e .  Some do n o t 
consider therm al s t r a in s  cured in to  th e i r  com posites, and few give any 
in d ic a tio n  o f the  s c a t te r  o f  th e i r  r e s u l ts  (probably 10% when n o t in d ic a te d ) . 
A ll th ese  p o in ts  a re  summarised in  Table 2.
Not a l l  workers have adopted the  same d e f in it io n  o f a hyb rid  e f f e c t .  
That most commonly accepted i s  based on th e  common-sense assumption th a t  th e  
carbon f ib r e  re in fo rce d  p a r t  of a hybrid  would behave in  the hybrid  e x a c tly  
as i t  does out o f the hybrid . I f  i t  f a i l s  a t  a h ig h er s t r a in  in  th e  h y b rid , 
the  d iffe re n c e  can be expressed as a percentage o f the  f a i lu r e  s t r a in  when 
te s te d  in  is o la t io n ,  and c a lle d  a hybrid  e f f e c t ,  and th is  i s  th e  d e f in i t io n  
used in  se c tio n  2-3-4 . Other workers have adopted the  view th a t  th e  f a i lu r e  
s t r a in  (whether o f th e  carbon f ib re  or o f  th e  composite as a whole i s 'n o t  
sp e c ifie d )  m ight fo llow  the p a r a l le l  ru le  of m ixtures in  a s im ila r  manner 
to  the  modulus, as given by equation  (1 ) .  This approach seems to  ignore 
the  f a c t  th a t  th e  f ib re s  are loaded in  p a r a l l e l ,  w ith  the  same s t r a in ,  and 
c a rry  loads which are p ro p o rtio n a l to  th e i r  modulus and cross  s e c tio n a l 
a rea , which i s  the  assumption made in  form ulating  the  ru le  of m ixtures 
equation  (<1) in  the f i r s t  p la ce . For example Marom e t  a l  (8) n o te  th a t  
the  f a i lu r e  s tr e s s e s  o f th e i r  hybrids are  s l ig h t ly  below p re d ic tio n s  based 
on th e  ru le  o f m ix tu res , and conclude th a t  they  shew no hybrid  e f f e c t .  
R ecalcu la tion  o f th e i r  r e s u l ts  to  give the  values of s t r a in  l i s t e d  in  
Table 2 , shows th a t  th e  f a i lu r e  s t r a in s  o f th e i r  hybrids are g re a te r  than  
those of the  a ll-c a rb o n  f ib r e  co n tro ls  by 5%-13%, and fu r th e r  th e re  i s  a 
tren d  towards h igher f a i lu r e  s t r a in s  as the carbon f ib re  i s  d isp e rsed  
as sm a lle r  u n i ts .
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Both th ese  approaches to  the  hybrid  e f f e c t  can. be i l l u s t r a t e d
in  a p roperty /com position  diagram. In  F ig .4 (a) th e  l in e  AB rep resen ts  
the  ru le  o f m ixtures p re d ic tio n  fo r  f a i lu r e  s t r e s s ,  which i s  the  sum o f 
the  s t r e s s  c o n tr ib u tio n s  from g la ss  and carbon components, l in e s  AC and 
DB. The l in e  XB re p re se n ts  the  assumption o f a co n stan t carbon f ib re  
f a i lu r e  s t r a in ,  and i s  the sum o f the  carbon f ib re  co n tr ib u tio n  to  
s t r e s s ,  l in e  DB, and th a t  o f the  g la ss  f ib r e  a t  the  u ltim a te  f a i lu r e  
s t r a in  o f th e  carbon f ib r e  component, E^ E ^ ,  which would be given by a 
l in e  XC. A s im ila r  diagram fo r  s t r a in  a t  f a i lu r e ,  F ig . 4 (b) shows 
the  ru le  of m ixtures p re d ic tio n , l in e  AB, which is  again  th e  sum of g la ss  
and carbon c o n tr ib u tio n s , l in e s  AC and DB. Line YB re p re se n ts  a co n stan t 
value  o f carbon f ib r e  f a i lu r e  s t r a in .  The f i r s t  f a i lu r e  s t r e s s  and s t r a in  
o f most o f the  hybrid  composites in  Table 2 l i e  in  th e  areas ABX and ABY 
re sp e c tiv e ly , and i t  i s  a m atte r o f  term inology whether th i s  i s  termed 
a hyb rid  e f f e c t .
The p re d ic tio n s  from th ese  diagrams r e la te  to  the  f i r s t  f a i lu r e  
o f the  lower e longation  carbon f ib r e  component of a h y b rid , b u t sane 
sim ple p re d ic tio n s  may a lso  be made about the  u ltim a te  s tre n g th  and mode 
of f a i lu r e ,  see fo r  example Aveston and K elly (22), and Edwards e t  a l  (17).' 
When the  carbon f i r s t  f a i l s ,  i t s  load i s  p laced  on the  g lass  f ib r e  in  the  
c ro s s -s e c tio n  con ta in ing  the f ra c tu re .  I f  th is  in creased  load exceeds 
the u ltim a te  f a i lu r e  s t r e s s  of the g lass  i t  too w i l l  f r a c tu re ,  and the  
f a i lu r e  w i l l  be c a ta s tro p h ic . The s t r e s s  con cen tra tio n  a r is in g  from the  
carbon f ra c tu re s  might a lso  cause c a ta s tro p h ic  propagation, o f  th e  crack  
through the  g la ss  f ib r e  a t  a s t r e s s  below i t s  u ltim a te  s tre n g th , b u t 
th is  i s  n o t sim ply p re d ic te d . The p o in t a t  which the  u ltim a te  carbon 
f ib r e  load equals th e  excess load bearing  cap ac ity  of the g la ss  f ib r e  i s  
rep resen ted  by the in te r s e c t io n  o f l in e s  AC and XB a t  Z .in F ig . 4 ( c ) , 
and by the  condition
Below th i s  c r i t i c a l  f ra c t io n  o f carbon, Pc c r^t  m u ltip le  f ra c tu re  o f th e  
carbon i s  p o ss ib le  w ith  th e  g lass  f ib re  carry ing  the load where i t  b rid g es  
f ra c tu re s  in  the  carbon, and in  t h i s  case the  u ltim a te  s tre n g th  o f th e  
hybrid  w i l l  be th a t  of the  g lass  f ib re  component. U ltim ate , as opposed to
0
from which P ( 2 )
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R elating  the  experim ental r e s u l t s  in  Table 2 to  diagrams o f th i s  type
is  n o t as s tra ig h tfo rw a rd  as i t  might appear, because in  most of th e  geom etries
s tu d ied  a l te r a t io n  o f the  p ro p o rtio n  o f g lass  to  carbon f ib r e  has changed
th e i r  s ta te  o f d isp e rs io n  and in troduced  an a d d itio n a l v a r ia b le .  In  f a c t
Edwards e t  a l  (17) base th e i r  a n a ly s is  on th e  f a c t  th a t  th e  s iz e s  o f groups
o f l ik e  f ib re s  changes as th e i r  p roportions are  a l te r e d .  Marom e t  a l  (8) have
te s te d  3 g la ss /ca rb o n  hybrids w ith  the  same 1:1 p ro p o rtio n  o f  f ib r e s ,  b u t
w ith  1,2 and 5 lay e rs  o f s im ila r  f ib re s  to g e th e r , and th e i r  r e s u l t s  in d ic a te
hyb rid  e f f e c ts  o f  13%, 11%,and 5% re sp e c tiv e ly , though they  make no comment
on th i s .  A v a r ia t io n  o f the hyb rid  e f f e c t  w ith  d isp e rs io n  has a lso  been
found in  th e  r e s u l t s  p resen ted  in  se c tio n  2-3-4 . A fu r th e r  f a c to r  a f fe c tin g
the  magnitude o f the  hybrid  e f f e c t  i s  the dependence o f th e  f a i lu r e  s t r a in
of the  carbon f ib r e  co n tro l on specimen s iz e .  T h e o re tica l and experim ental
work shows th a t  the  f a i lu r e  s t r a in  o f  composite m a te r ia ls  should be described
by a s t a t i s t i c a l  d is t r ib u t io n  which takes account of th e  volume o f
m a te r ia l s tr e s s e d , and i t s  aspec t r a t i o ,  r a th e r  than  by a unique va lu e
which i s  i n t r i n s i c  to  the m a te r ia l  The underly ing  reason fo r  th is  i s  th e
d is t r ib u t io n  o f s tre n g th -d e te m in in g  flaws along the len g th  o f th e  f ib re s ,a n d
is  d iscussed  fu r th e r  in  fo llow ing s e c tio n s . Zweben (10) and Edwards e t  a l
(17) consider th is  th e o re t ic a l ly  fo r  the carbon contained in  th e  hybrids
b u t none o f the  works whose r e s u l ts  appear in  Table 2 have approached th e
problem experim en tally  fo r  the  case of th e  a ll-c a rb o n  c o n tro l. Rather than
comparing th e  f a i lu r e  s tr a in s  o f hybrid  composites w ith  a ll-c a rb o n  f ib r e
composites whose f a i lu r e  s t r a in  i s  n o t w ell de fin ed , i t  i s  probably  b e t t e r ,
where d a ta  fo r  se v e ra l hybrids are  a v a ila b le , to  compare hyb rid  w ith  hybrid ,
and concen tra te  on the  v a r ia t io n s  which r e s u l t  from d iffe re n c e s  in
geometry. The comparison i s  then n o t s e n s it iv e  to  the  value o f f a i lu r e
s t r a in  adopted fo r  the  a ll-c a rb o n  f ib re  c o n tro l. For example, Aveston
and Sillwood (7) have no ted  th a t  B unsell and H arris  (6 ) found la rg e
values o f h y b rid  e f f e c t  which probably r e s u l t  from th e i r  u n c h a r a c te r is t ic a l ly
low a ll-c a rb o n  f a i lu r e  s t r a in  of 0 .003. In a d d itio n , where hyb rid  com posites
have been cured a t  e lev a ted  tem peratures therm ally  induced s t r a in s  must
be considered . Aveston and Sillwood (7 ) avoided the  problem by usin g
a room tem perature curing  re s in  m atrix . B unsell and H arris  (6) can account
fo r  only 10% o f t h e i r  40% - 80% hybrid  e f f e c t  in  terms of th e  re s id u a l
compressive s t r a in  in  th e  carbon f ib r e  as no ted  by Zweben (10), b u t they
o f fe r  no fu r th e r  exp lanation  fo r  the  f a i lu r e  s t r a in  enhancement. The K eviar
49/Thornel 300 system used by Zweben (10) r e s u l t s  in  t e n s i le  re s id u a l
s tr a in s  in  th e  carbon f ib r e ,  which would then be expected to  f a i l  a t  a
lower s t r a in  in  the  hybrid  g iv ing  a n eg a tiv e  hybrid  e f f e c t :  however, a
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pu;>.LL.Lve s n e e r  was xouna. m e  remaining authors l i s t e d  in  Table 2 
taken no account o f re s id u a l therm al s t r a in s ,  and no therm al 
expansion in fo im ation  i s  given fo r  th e i r  system s. In summary, th e  
r e s u l ts  in  Table 2 from g la ss /ca rb o n , Kevlar 49/carbon, and HTS/HMS 
carbon f ib re  h yb rid  composites show:-
( i)  in  a l l  ca se s , an enhancement of the  f a i lu r e  s t r a in  of th e  
carbon f ib re  re in fo rc e d  component in  the  hybrid  w ith  re sp e c t to  an a l l -  
carbon f ib re  composite te s te d  in  i s o la t io n .
( i i )  where re s id u a l therm al s tr a in s  have been considered they  are  
too sm all, (or o f  opposite  sign) to  account fo r  the  enhancement in  carbon 
f ib r e  f a i lu r e  s t r a in .
( i i i )  where hybrids have been fa b r ic a te d  w ith  the  same r a t io  of
f ib r e  ty p es, b u t d i f f e r e n t  degrees o f d isp e rs io n , the hyb rid  e f f e c t  i s
g re a te r  a t  h ig h er d isp e rs io n , and cannot be accounted fo r  by therm al s tr a in s
which only vary  w ith  the r a t io  of f ib re  ty p e s .
From th ese  pub lished  r e s u l ts  i t  must be concluded th a t  th e  hybrid  
e f f e c t  i s  r e a l ,  and n o t e n t i r e ly  of therm al o r ig in , b u t th e re  i s  a need fo r  
b e t te r  d a ta  from experim ents designed to  sy s te m a tica lly  explore or 
e lim in a te  c o n s t i tu t io n a l ,  s t r u c tu r a l ,  and processing  v a r ia b le s .
1-2-3 Load/extension behav iour.
The hybrid  composites l i s t e d  in  Table 2 have been found to
f a i l  in  a v a r ie ty  o f modes which may be c a ta s tro p h ic  or p ro g ressiv e
depending on the  r a t io  and types o f f ib r e s ,  and th e i r  d is p o s it io n . A
c a ta s tro p h ic  f a i lu r e  occurs when th e  f i r s t  f ra c tu re  o f th e  low e lo n g a tio n
component causes an excessive load to  be tra n s fe r re d  to  th e  rem aining h igh
e longation  f ib r e ,  or when the  s t r e s s  co n cen tra tio n  a t  th e  f ra c tu re  o f th e  low
elo n g a tio n  f ib r e  (s) i s  s u f f ic ie n t  to  propagate a crack r ig h t  through the
se c tio n . Mien m u ltip le  f ra c tu re  of the carbon component occurs th e re  i s
a p ro g ressiv e  lo ss  of s t i f f n e s s .  The f a i lu r e  modes, where d esc rib ed , are
summarised in  Table 2. The carbon/carbon f ib r e  hybrids g en e ra lly
f a i le d  c a ta s tro p h ic a lly  in  a 'b r i t t l e ’ manner w ith  lim ited  f ib r e  p u l l -o u t ,
whereas the g lass /ca rb o n  hybrids m ostly showed m u ltip le  c rack ing . With
p ro g ressiv e  m u ltip le  f ra c tu re  th ere  i s  o ften  debonding between g la ss  and
carbon p l ie s  as observed by Bunsell and H arris  (6) or between f ib r e  and
m atrix , Aveston and Sillwood (7). P h i l l ip s ' (2) load s t r a in  curve a lso
in d ic a te d  p ro g ressiv e  f a i lu r e ,  bu t he does n o t describe  the  p rocess in
d e ta i l .  In c o n tra s t ,  the s im ila r  system used by Zweben (10) con ta in in g
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/ciiiib u i n u r e  iciiifcjQ cata.si:ropnica±±y w irn no apparent pre-cracK ing 
o£ the  carbon f ib r e .  Perhaps the b e s t  example o f m u ltip le  cracking i s  the  
photomicrograph in  -Aveston and S illw oodTs paper (7) in  which carbon f ib re  
f ra c tu re s  are  shown to  be spaced a t  about 1mm in te rv a ls  throughout the 
specimen, w ith  areas of debonding e i th e r  s id e  o f the  f r a c tu re s .  The HMS/HTS 
carbon f ib r e  hybrids (8) and (17) f a i le d  c a ta s tro p h ic a lly  in  a s im ila r  ' 
manner to  composites fa b r ic a te d  w ith  a s in g le  type o f carbon f ib r e .
For m u ltip le  cracking to  occur load  must be t ra n s fe r re d  back 
in to  the lower e lo n g atio n  component away from the  f r a c tu re s .  This f a i lu r e  
mode has been s tu d ied  ex ten s iv e ly  fo r  th e  case of a b r i t t l e  m atrix  
con ta in ing  s tro n g  f ib re s  by Aveston and Sillwood (7 ), Cooper and Sillw ood (18), 
Aveston, Cooper and K elly  (19), Aveston and K elly (20), Aveston, M ercer and 
Sillwood (21), McColl and Moriey (27) and fo r  lam inated composites in  
which one lam ina, u su a lly  a 90° la y e r , f a i l s  a t  a lower s tr a in ,b y  Aveston 
and K elly  (22) G a rre tt and B ailey  (23,24) P a rv iz i (63) P a rv iz i,  G a rre tt 
and B ailey  (25), and P a rv iz i and B ailey  (26). The e s s e n t ia l  fe a tu re  in  a l l  
th ese  systems i s  the b u ild -up  o f load  around f ra c tu re s  in  the  low e lo n g a tio n  
component by e l a s t i c ,  p l a s t i c ,  o r f r i c t io n a l  means, or a combination o f t h e s e . 
mechanisms, so th a t  some d is tan ce  away loads and s tr a in s  are  again  
e s s e n t ia l ly  uniform . This i s  shown schem atica lly  in  F ig . 5 where th e  fra c tu re d  
component could be a b r i t t l e  m atrix  bounded by strong  f ib r e s ,  a low 
e longation  f ib r e  or tow in  a more e x te n s ib le  m atrix , o r a low e lo n g a tio n  
p ly  in  a lam inated com posite. The form o f th e  load b u ild -u p  in  the 
s p e c if ic  case o f f ra c tu re d  f ib re s  in  a m atrix  i s  considered l a t e r ,  b u t the 
genera l behaviour w ith  each load t r a n s f e r  mechanism i s  shown in  F ig .5. A 
constan t p l a s t i c  or f r i c t io n a l  load t r a n s f e r  mechanism r e s u l t s  in  a l in e a r  
load in crease  (broken l i n e ) , w hile an e l a s t i c  shear lag  o r v a r ia b le  
f r i c t io n a l  fo rce  (depending on the normal fo rce  a t  the in te r fa c e )  g ives 
a decreasing  load t r a n s f e r  r a te  away from the f ra c tu re  ( f u l l  l i n e ) .  I f  
th e  load t r a n s f e r  i s  p l a s t i c  th e re  w i l l  be a reg ion  of e l a s t i c  load  t r a n s f e r  
a t  the end o f the  p la s t i c  zone. The spacing o f th e  cracks during m u ltip le  
f ra c tu re  depends on th e  form of th e  load t r a n s f e r ,  and the  v a r i a b i l i t y  
o f the  s tre n g th  o f the  low e longation  component. F ig. 6 i l l u s t r a t e s  the  
development o f m u ltip le  cracking fo r  a shear lag  n o n -lin e a r  load t r a n s f e r  
fo llow ing the  approach o f G a rre tt ,  B ailey  and P a rv iz i (23-26), and Aveston 
and K elly  (22), and the  l in e a r  case i s  very  s im ila r .  When the  cracks are  
w idely spaced th e re  i s  a la rg e  reg ion  o f r e la t iv e ly  uniform  loading between 
them, although s t r i c t l y  the  maximum loading occurs midway between ad jacen t 
c racks. F ig . 6 (a ) . The p re c ise  p o s itio n  o f another crack  forming in  th i s  
reg ion  in  p ra c t ic e  depends on th e  d is tr ib u tio n  of weak p o in ts  in  th e  low
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between two p re -e x is t in g  cracks. As th is  process continues to  reduce 
the  crack  spacing the load on the  low e longation  component i s  reduced 
in  reg ions ad jacen t to  the  cracks. S uccessively  h ig h er app lied  loads 
are  thus req u ired  to  i n i t i a t e  fu r th e r  crack ing . The m u ltip le  cracking 
theory  o f G a rre tt and B ailey  (23), subsequently  m odified by P a rv iz i and ' 
B ailey  (26), shows th a t  the crack  spacing a t  a given s t r a in  may d i f f e r  
by a f a c to r  o f two depending on the specimen leng th  and p o s it io n  o f the  
f i r s t  crack , b u t in  p ra c t ic e  because o f s tre n g th  v a r ia t io n s  i t  i s  
u n lik e ly  th a t  cracks w i l l  occur p re c is e ly  midway between e x is t in g  c rack s, 
which means th a t  when the  number o f cracks i s  la rg e  th e  specimen w i l l  
have a range o f crack sp ac in g s , b u t the mean spacing w i l l  be midway 
between the bounds.
The e f f e c t  o f m u ltip le  cracking  and load t ra n s fe r  between components 
i s  b e s t  i l l u s t r a t e d  w ith  re fe ren ce  to  a schem atic load ex ten sio n  curve 
fo r  a u n id ire c tio n a l h y b rid , F ig . 7. Load and ex tension  in c rease  w ith  a 
l in e a r  r e la t io n  u n t i l  the f i r s t  f r a c tu re ,  which in a displacem ent c o n tro lle d  
t e s t  causes a load drop because o f the  s t i f f n e s s  decrease . With continued 
ex tension  the  load r is e s  a t  a reduced r a te  u n t i l  a second f ra c tu re  occurs 
a t  a load equal to  or above th a t  fo r  the f i r s t .  The shape o f th e  curve 
between a load drop and the  n ex t f ra c tu re  i s  b a s ic a l ly  deteim ined by th e  
red u c tio n  in  s t i f f n e s s ,  which may n o t be constan t i f  th e re  i s  p ropagation  
o f any debonding which unloads the  low e longation  component. The magnitude
of th e  load drop, and the number o f f ra c tu re s  vary  w idely between h y b rid s ,
compare fo r  example the load ex tension  curves of Bunsell and H arris  (6) 
which con ta in  load  drops ^ 81 and th a t  of Aveston and Sillwood (7) in  which 
the  load drops cannot be d is tin g u ish e d , and a lso  the  curves in  Chapter 2.
The e f f e c t  of re s id u a l s t r a in s  on the  lo a d /s t r a in  curve o f a
hybrid  is  shown in  F ig . 8 , which is  the model used by B unsell and H arris  (6)
to  exp la in  th e i r  hybrid  e f f e c t .  When a hybrid  composite cured a t  
e lev a ted  tem perature i s  subsequently  cooled a s t r a in  mismatch between the  
p a r ts  re in fo rc ed  w ith  each type o f f ib re  w i l l  be locked in  i f  t h e i r  therm al 
expansions d i f f e r .  The e f fe c t iv e  tem perature a t  which the  r e s in  becomes 
s o lid  may n o t be the  maximum cure tem perature, and must g e n e ra lly  be 
determ ined experim en tally . The p ro p o rtio n  o f the mismatch which appears 
as therm al s t r a in s  in  each component i s  a fu n c tio n  o f th e i r  p ro p o rtio n s  and 
m oduli.
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1-5-1 G eneral, and -thermodynamic aspec ts  o f s tre n gth .
U n id ire c tio n a l f ib re  composites are  a ra th e r  s p e c ia l c la s s  
of m a te r ia ls  because th e i r  t e n s i le  load bearing  cap ac ity  i s  d is tr ib u te d  
over a la rg e  number o f d is c re te  load bearing  elem ents, (the f ib r e s ) ,  w hile a t  
th e  same time th e i r  u ltim a te  s tre n g th  i s  o ften  determ ined by a f a i lu r e  
mechanism in  which a crack passes through the  m a te r ia l as i f  i t  were 
homogeneous. The problem of understanding  th e  s tre n g th  of th ese  m a te r ia ls  
in  terms o f th a t  of th e i r  c o n s titu e n ts  i s  a d i f f i c u l t  one, and has been 
approached from two d ire c tio n s . The m acroscopic f ra c tu re  mechanics 
approach t r e a t s  a composite as a homogeneous m a te r ia l,  and ap p lie s  l in e a r  
e l a s t i c  a n a ly s is  o f th e  body and loading mechanism to  ob ta in  a f ra c tu re  
cond ition  in  terms o f in t r i n s i c  m a te r ia ls  p ro p e r t ie s ,  which s a t i s f i e s  
o v e ra ll thermodynamic c o n sid e ra tio n s . The m icroscopic approach recogn ises 
th a t  the heterogeneous s tru c tu re  o f the  m a te r ia l can give r i s e  to  a mode 
o f f a i lu r e  in  which d is c re te  f ra c tu re s  may occur in  the  f ib re s  o r w ith in  
the  m atrix  w ithou t causing gross f ra c tu re ,  and considers the  ( s t a t i s t i c a l )  
p ro b a b ili ty  th a t  a sequence o f m icroscopic f ra c tu re s  w i l l  r e s u l t  in  t o t a l  
f a i lu r e  a t  any given s t r e s s .  Since both  approaches attem pt to  exp la in  
the  same phenomenon they  should be com patible, and i t  i s  the  o v e ra ll  
thermodynamic co n sid e ra tio n s  th a t  l in k  the  two. The f ra c tu re  mechanics 
approach in d ic a te s  when f ra c tu re  i s  e n e rg e tic a lly  p o s s ib le , and does n o t 
take  account of mechanisms a t  the  m icroscopic le v e l ,  w hile the  m icroscopic 
f ra c tu re  p rocesses can be considered to  be th e  ’k in e t i c ? fa c to rs  which 
determ ine w hether or n o t f ra c tu re  w il l  proceed along a thermodynamically 
favourable p a th . In  theory  the thermodynamic f ra c tu re  mechanics approach 
could be extended to  the  m icroscopic le v e l ,  b u t in  p ra c t ic e  th e  ( s t a t i s t i c a l )  
v a r i a b i l i ty  of the p o s it io n  and s tre n g th  o f weak p o in ts  in  f ib re s  becomes 
an overid ing  f a c to r .  In  a sense s t a t i s t i c a l  trea tm en ts  can embody elem ents 
o f a f ra c tu re  mechanics approach by considering  lo c a l load co n cen tra tio n s  
around f ra c tu re d  f ib r e s ,  bu t th i s  does n o t u su a lly  extend beyond n e a re s t 
neighbours, and the  models are in s e n s it iv e  to  the  la rg e r  sc a le  s tru c tu r e ,  
fo r  example the  arrangements of p l ie s  or f re e  su rfac e s . Because th e  hyb rid  
composites considered  in  th is  study have a range o f s tru c tu re s  which b ridge  
the ’m acroscopic’ and ’m icroscop ic’ , n e i th e r  of th ese  approaches alone 
i s  s u ita b le .  A fu r th e r  consequence of th is  i s  th a t  the  concept o f t e n s i le  
f a i lu r e  becomes im precise when th e  composites s u ffe r  a p ro g ress iv e  degrad­
a tio n  o f s tre n g th , brought about by the in c rease  in  s iz e  and number of 
sm all f ra c tu re s  which are n e ith e r  la rg e  enough to  p r e c ip i ta te  complete 
se p a ra tio n , nor sm all enough no t to  in te r a c t  w ith  the s tru c tu re  o f  th e  
hybrid .
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and s t a t i s t i c a l  approaches to  composite s tre n g th  and th e i r  l im ita tio n s ,  
w ith  emphasis on those aspects  which are  re le v a n t to  the  d iscu ss io n  
o f the  f a i lu r e  s t r a in  enhancement of th e  carbon f ib r e  in  h y b rid s , and 
the  v a r ia t io n  o f th e  s tre n g th  of a l l  carbon f ib re  composites w ith  specimen 
s iz e .
L inear E la s t ic  F rac tu re  Mechanics (LEFM), which was developed 
from the  concepts of G r i f f i th  on a thermodynamic argument to  account 
fo r  th e  in flu en ce  of d e fec ts  on the  s tre n g th  of ’b r i t t l e 1 m a te r ia ls ,  
has been extended to  cover th e  behaviour o f cracks and o th e r s t r e s s  
concen tra tio n s  in  m a te r ia ls  which are  norm ally considered to  be d u c t i le ,  
o r a t  le a s t  no t id e a l ly  or com pletely b r i t t l e .  For an in tro d u c tio n  to  
the  su b je c t,  and a development from G r i f f i t h ’s o r ig in a l  th eo ry , see Knott 
(Bib 5 ). B r ie f ly  summarised, th e  G r i f f i th  argument considers the  t o t a l  
energy changes when a p re -e x is t in g  crack loaded in  ten sio n  extends by an 
in f in ite s s im a l amountS a . Considering the  body con ta in ing  th e  crack and 
the  loading mechanism as a c losed  system , th e re  must be a f re e  energy balance 
fo r  an eq u ilib riu m  ex tension  o f  the crack. Equating th e  decrease in  e l a s t i c  
s t r a in  energy and the  work done by the loading system , to  th e  su rface  energy 
req u ired  to  c re a te  the  new areas of crack , g ives the  f ra c tu re  s t r e s s
V  -■ (  2E_X\ ^  (  2E y  )  1 (3), (4)
\ tt a /  \ tt ( l - ^ ) a y
in  p lane s t r e s s  and plane s t r a in  re sp e c tiv e ly . E i s  Young’s Modulus, & 
i s  th e  su rface  energy (s in g le  s u r fa c e ) , i s  P o isso n ’s r a t i o ,  and a i s  
th e  crack h a lf - le n g th . Both expressions g ive th e  well-known dependence
The G r i f f i th  argument considers only i n i t i a l  and f in a l  s ta te s  when th e  
crack  advances a d is tan c e  £ a , and i s  n o t concerned w ith  th e  d e ta i l s  of the  
f ra c tu re  p ro c e ss , so i t  i s  a n ecessary , though p o ssib ly  n o t s u f f ic ie n t  
co n d itio n  fo r  f r a c tu re .  While the G r i f f i th  approach works w e ll fo r  b r i t t l e  
s o l id s ,  i t  does no t ex p la in  th e  s tre n g th  of m a te r ia ls  in  which th e re  i s  
a zone o f p l a s t i c  flow , or o th er energy absorbing m ic ro s tru c tu ra l damage 
a t  the c ra c k - t ip .  To take in to  account work done in  th is  zone, Orowan 
re-w ro te  the  G r i f f i th  equation  in  te rn s  o f a more general energy term , 
the  c r i t i c a l  energy re le a se  r a te .  When the  energy re le a se  fo r  u n i t  
ex tension  o f  the crack , the energy re le a se  r a t e ,  equals the  c r i t i c a l  energy
ic ic c o c  iau c , uie ur<±cK can grow, m e c r i t i c a l  energy re le a se  r a te  i s  
assumed to  be a p ro p e rty  of the  m a te r ia l,  b u t in  p ra c tic e  may depend on 
fa c to rs  such as tem perature and r a te  o f load ing . This i s  a u se fu l concept 
and can be app lied  to  loading in  ten sio n  (Mode I ) ,  and in  shear p erp en d icu la r 
(Mode I I )  or p a r a l le l  (Mode I I I )  to  the  crack f ro n t .  Having measured the  
c r i t i c a l  energy re le a se  r a t e ,  LEFM would be used in  a ty p ic a l  ap p lic a tio n  
to  p re d ic t  the minimum s tre n g th  o f a body con ta in ing  cracks no la rg e r  
than  some p a r t ic u la r  maximum s iz e ,  perhaps the  sm a lle s t th a t  can be d e te c te d  
by n o n -d e s tru c tiv e  in sp ec tio n  techn iques. D irec t a p p lic a tio n  to  u n id ire c tio n a l 
composite t e s t  specimens in  th is  fash ion  i s  n o t g en e ra lly  p o ss ib le  fo r  
two reasons. F i r s t l y ,  i t  i s  hoped th a t  th e re  are  no s ig n if ic a n t  p re ­
e x is t in g  flaws in  lab o ra to ry  specimens. In s tead , d e fec ts  o f in c reas in g  s iz e  
develop by the  successive  f ra c tu re  o f f ib re s  during load ing . The energy 
r e le a se  r a te  i s  a fu n c tio n  of both  app lied  s t r e s s ,  and th e  d e fe c t s iz e ,  
which i s  i t s e l f  s t r e s s  dependent. To p re d ic t  when th e  energy re le a se  r a te  
becomes c r i t i c a l  re q u ire s  a model fo r  th e  growth of the  la rg e s t  d e fec t w ith  
ap p lied  s t r e s s ,  which must involve the  s t a t i s t i c s  of f ib re - s t r e n g th .  Rosen 
(28) and Rosen and Zweben (29) p re sen t the f ra c tu re  co n d itio n  in  a s t r e s s  
v s . d e fec t s iz e  graph s im ila r  to  F ig . 9. in  which the  in te rs e c t io n  o f  th e  
maximum d e fe c t s iz e ,  and c r i t i c a l  d e fec t s iz e  curves, re p re se n ts  the  p o in t 
o f f a i lu r e .  This concept i s  a lso  d iscussed  by Argon (34). In ad d itio n  
to  the  ap p lied  s t r e s s /d e f e c t  s iz e  r e la t io n ,  the  dependence o f th e  f a i lu r e  
s t r e s s  on d e fe c t s iz e  must be known, and in  genera l th i s  does n o t fo llow  
p re c is e ly  the sl~1 G rif f i th  behaviour. A b a s ic  assumption o f LEFM is  th a t  
the  crack t i p  zone i s  sm all in  comparison w ith  th e  crack , whereas in  p r a c t ic e  
a ra th e r  la rg e  reg io n  o f damage i s  o fte n  asso c ia ted  .with a tra n sv e rse  crack  
in  most u n id ire c tio n a l carbon f ib r e  com posites, and s p l i t t i n g  a t  n o tc h - tip s  
i s  common (59). The c r i t i c a l  energy re le a se  r a t e ,  o r i t s  eq u iv a len t expressed  
as a s t r e s s  in te n s i ty ,  fo r  Mode I crack opening, i s  u s u a lly  estim ated  from 
the s tre n g th  of specimens con tain ing  n o tch es, or from th e  work of f ra c tu re  
in  specimens s p e c ia l ly  designed to  confine the  crack to  a s in g le  p lan e , such 
as the  T a tte rsa ll-T a p p in  t e s t  p ie c e , as described  in  (40 ,41).
The s t a t i s t i c a l  models and experim ental evidence p resen ted  l a t e r  
in d ic a te  th a t  th e  c r i t i c a l  d e fec t i s  very  sm all, probably  a group o f le s s  than  
f iv e  ad jacen t f ib r e  f ra c tu re s ,  so the  type o f notch  ty p ic a l ly  s tu d ie d  in  
lab o ra to ry  specimens i s  n o t re p re se n ta tiv e  o f  the  type of d e fe c t which 
determ ines the  s tre n g th  of undamaged com posites, p a r t ic u la r ly  hyb rid  
composites in  which the dimension o f  th e  carbon re in fo rc e d  component can be 
of the  same order as the  d e fec t s iz e .  S im ila rly  th e  work o f f ra c tu re  i s  
u n re p re se n ta tiv e  because i t  involves f ib r e  p u ll-o u t,o n  a sc a le  which does
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been used w ith  some success to  ex p la in  the  s tre n g th  o f com posites, 
in  p a r t ic u la r  a n g le -p lie d  lam in a tes , con ta in ing  cu t-o u ts  or o th e r s t r e s s  
co n cen tra tio n s i t s  a p p lic a tio n  to  undamaged u n id ire c tio n a l  specimens does 
n o t lead  to  r e a l i s t i c  estim ates  of in t r i n s i c  d e fe c t s iz e .  For example, 
s u b s t i tu t io n  in  eq. (3 ) or eq. (4 ) o f ty p ic a l  f ra c tu re  en erg ies  fo r
_2c frp  from Marom (8) and Beaumont and H arris  (42) in  the range 5-25 KJm , 
w ith  a f ra c u tre  s t r e s s  IGPa, g ives a c r i t i c a l  d e fec t len g th  in  the  
range 0.4-2mm. Cracks o f th is  s iz e  would be c le a r ly  v i s ib le ,  and would 
be la rg e r  than  the  c ro ss -s e c tio n  o f  the  carbon f ib re  re in fo rc e d  elem ents 
in  many o f th e  hybrids considered in  th is  s tudy . The la r g e s t  d e fec ts  to  have 
been d e tec ted  are an o rder o f  magnitude sm alle r . A p o ss ib le  exp lanation  
fo r  th is  i s  th a t  the c ra c k - tip  damage zone in c reases  in  e x te n t as th e  crack 
grows, r e s u l t in g  in  an in c reasin g  c r i t i c a l  energy re le a se  r a te .
M icroscopic evidence i s  p resen ted  l a t e r  in  support o f t h i s .  There seems 
to  have been no attem pt to  p u t experim ental d a ta  in to  an in te g ra te d  model 
embodying s t a t i s t i c a l  and f ra c tu re  m echanical aspects o f f a i lu r e  along 
the l in e s  o f F ig . 9.
Aveston and Sillwood (7 ), Aveston and K elly (20) G a rre tt  and 
B ailey  (25), and Bader and Manders (App.2) have used a very  much s im p lif ie d  
e n e rg e tic  .argument to  d erive  what is  e f fe c t iv e ly  a lower bound on the  
s tre n g th  o f th e  low -elongation  .component in  hybrid  com posites, and c ro ss -  
p ly  lam inates, which f a i l  by m u ltip le  crack ing . Rather than  considering  
a sm all ex tension  o f a crack , they  take a f u l l - s i z e  crack as th e  f in a l  
s t a t e ,  and th e  unflawed composite as the i n i t i a l  co n d itio n , and c a lc u la te  
energy changes fo r  the  form ation o f the crack as a s in g le  ev en t. F ig . 10 
summarises th e  model in  which a co n stan t load i s  app lied  to  th e  com posite. 
P o in t A re p re se n ts  the  cond ition  j u s t  p r io r  to  f ra c tu re  of th e  low e lo n g a tio n  
component, and B re p re se n ts  the f in a l  s ta te  a f te r  f r a c tu r e .  J u s t  befo re  
f ra c tu re  the  s to re d  energy o f th e  specimen i s  given by th e  a rea  OAD, b u t 
a f t e r  f ra c tu re  i t  has g re a te r  com pliance, and g re a te r  s to red  energy, 
given by OBC a t  the  f a i lu r e  load . The loading mechanism does an amount o f 
work ABCD during f a i lu r e ,  ex ac tly  h a l f  o f which goes to  in c re a s in g  th e  s to re d  
energy o f the  specimen by an amount OAB. By sim ple geometry- OAB is~ lia lf  ABCD 
which leaves energy OAB fre e  to  meet the f ra c tu re  energy requ irem en ts, 
to  which i t  i s  equated to  give the  lower bound f a i lu r e  load . Equating th ese  
two energ ies  e f fe c t iv e ly  assumes th a t  a t  a l l  s tag es  the p ropagation  o f  th e  
crack occurs in  thermodynamic eq u ilib riu m . I f  the  f ra c tu re  does occur a t  
the p re d ic te d  load i t  im plies th a t  th e re  i s  no e n e rg e tic  b a r r ie r  to  
i n i t i a t io n  of the  crack , and th a t  the  c r i t i c a l  energy r e le a s e  r a t e  changes
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In  p ra c t ic e  th is  w i l l  in v a r ia b ly  n o t happen, and the  f ra c tu re  w i l l  occur 
a t  some h ig h er load determ ined by th e  mechanism o f crack growth. The 
e n e rg e tic  argument can however give seme in s ig h t  in to  th e  p o ss ib le  in flu en ce  
o f th e  p ly -s tru c tu re  on the f a i lu r e  load. At an e a r ly  s tag e  of th i s  work 
such an approach was developed, (App.2), b u t was found to  be u n s a tis fa c to ry , 
fo r  example i t  i s  unable to  account fo r  th e  s tre n g th  v a r ia t io n s  o f non­
hybrid  specimens.
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The requirem ent fo r  s t a t i s t i c a l  models o f composite s tre n g th  
a r is e s  from the  v a r i a b i l i t y  of the s tre n g th  o f f ib re s  r e s u l t in g  from the  
random d is t r ib u t io n  o f  flaws along th e i r  len g th  (44 ,45). The s tre n g th  
of a f ib r e  i s  determ ined by i t s  weakest c ro ss -se c tio n  con tain ing  the  
most severe flaw , and obviously the  longer i t  i s  the  g re a te r  the  
p ro b a b ili ty  o f i t  con ta in ing  a flaw  o f given s e v e r i ty  F ig . 55. In many 
cases the  v a r i a b i l i t y  of f ib re s  of a given len g th  can be rep resen ted  by 
an equation  o f the  type proposed by W eibull.
W (°0 l r  = 1 -  exp -  (<r/<re )w ( O
where W (<r)^ i s  th e  cum ulative d is t r ib u t io n  fu n c tio n  (cdf) fo r  th e  f a i lu r e  
o f f ib re s  o f some re fe ren ce  leng th  l r ,  cr i s  the  f ib r e  s t r e s s ,  cr0 i s  a 
sca lin g  param eter which depends on the  u n its  employed, and w i s  a d im ensionless 
constan t termed th e  W eibull modulus. A f ib r e  L re fe ren ce  u n its  long can 
be considered as a chain  o f L u n i ts ,  and i t s  p ro b a b ili ty  o f su rv iv a l i s  
(p ro b a b ility  of su rv iv a l of re fe ren ce  length)*" which i s  (1 -  W(e')l r  )*".
Thus the p ro b a b ili ty  of f a i lu r e ,  th e  cdf fo r  f ib re s  of len g th  L i s
W(cr)L = 1 - (1 - W(cr)l r  ) L = 1 - exp - L^cr j W ( 6 )
The mean f ib r e  s tre n g th  from the  W eibull d is t r ib u t io n  is
rV  = L w r  ( 1 + l / w) )
where P  i s  the gairma fu n c tio n .
The W eibull modulus w i s  an in v erse  measure o f th e  v a r i a b i l i t y ,  and the  
c o e f f ic ie n t  o f v a r ia t io n  is  given by
(r  (l-Z /w ) -  1 P  ( 8 )
V rC i-V w ) J
which fo r  la rg e  values of w can be approximated c lo se ly  by 1 .2  .
~w~
By tak ing  logarithm s of eq. ( 7 ) to  give
log o= -  log a; = ^ l l o g h  + log T (1+1)
w w
i t  is  seen th a t  log a1 should p lo t  as a s t r a ig h t  l in e  of g ra d ien t -1
w
ag a in s t log L, and th is  can be used to  check i f  f ib r e  s tre n g th  d a ta  f i t s
the  W eibull d i s t r ib u t io n .  The two W eibull param eters w and a-Q can be
determ ined from th e  g rad ien t and in te rc e p ts  o f th i s  type o f graph, o r
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by using  equation  ( 7 ) fo r  w, and s u b s t i tu t in g  th i s  in to  expression  ( 8  ) 
to  g ive (tq.
S tud ies o f th e  s treng th /gauge  leng th  dependence o f g la ss  and 
carbon f ib re s  show im perfect agreement w ith  the  W eibull d i s t r ib u t io n .  
M etcalfe and Schmitz (43) te s te d  v ario u s  g la ss  f ib re s  o f a t  le a s t  12: 
d i f f e r e n t  gauge leng ths ranging from 0.25 -300 mm, and provide evidence
fo r  two flaw  popu la tions which give r i s e  to  two s t r a ig h t  l in e  segments 
o f d i f f e r e n t  g ra d ien t in  th e  log s tre n g th  v s . log leng th  p lo t .  More ton  
measured th e  s tre n g th  o f carbon f ib re s  prepared  under clean-room 
cond itions a t  th re e  gauge leng ths from 5 - 100 mm and produced r e s u l t s  which 
do n o t p lo t  as a s t r a ig h t  l in e  (45), and a lso  showed th a t  the  s tre n g th  a t  
the longer gauge leng ths does n o t behave as th a t  fo r  a chain o f th e  s h o r te r  
gauge leng ths (44). Although th e  W eibull d is t r ib u t io n  i s  n o t a p e r fe c t  
d e sc rip tio n  o f f ib r e  s tre n g th , i t  i s  convenient m athem atically , and can 
be used fo r  a lim ite d  range o f gauge len g th s . In the  case o f carbon 
f ib re s  no b e t te r  expression  i s  a v a ila b le , and the in accu rac ies  in troduced  
by i t s  adoption in  s t a t i s t i c a l  s tre n g th  models i s  sm all in  comparison w ith  
o th er approxim ations.
This i s  a convenient p o in t a t  which to  in troduce th e  W eibull 
p ro b a b ili ty  graph as a means o f d isp lay in g  the  behaviour of chains which 
co n ta in  weak l in k s .  The v e r t ic a l  ax is  i s  l in e a r  in  I n ( -  In  ( l-p ( t r ) ) ,  
where p i s  the  p ro b a b ili ty  of f a i lu r e ,  and the  h o r iz o n ta l ax is  i s  l in e a r  
in  l n - ^  , the  dim ensionless load param eter in  eq. (6  ) .  On th e se  
axes the  W eibull d is t r ib u t io n  p lo ts  as a s t r a ig h t  l in e ,  F ig . 9. The 
p re se n ta tio n  can be used fo r  the  c d f ’s fo r  th e  f a i lu r e  o f s in g le  f ib r e s ,  and 
bundles and chains o f bundles of f ib re s  in  composite b o d ies. I t  has two 
fe a tu re s  which make i t  p a r t ic u la r ly  u se fu l fo r  th i s  purpose. I f  m s im ila r  
elements w ith  a cdf J(<r) are  loaded in  s e r ie s  as a chain , th e  s tre n g th  
o f th e  chain  i s  given by th e  cdf Jm(<0 = l - t l - J ^ ) 111 in  a s im ila r  
manner to  eq. ( 6 ) .  The v e r t ic a l  ax is  i s  l in e a r  in  In (- In (1 -  p (o '))) , 
and In  (- In  ( 1 -  Jm(<r))) = In (n) + in. ( - i n  (1 - J  (o~)))  so Jm(<t) i s  
J(o*) t r a n s la te d  v e r t ic a l ly  by an amount ln(m) w ithout any change in  shape. 
The v e r t ic a l  ax is  is  th e re fo re  l in e a r  in  log (number of elem ents chained ). 
S ize e f f e c ts  which occur when the  s tre n g th  of a body i s  determ ined by 
the  w eakest l in k  in  a chain of elem ents are  e a s i ly  accommodated by v e r t i c a l  
t ra n s la t io n s  of the  cdf fo r  the  elem ents, and th is  i s  e f f e c t iv e ly  what was 
done fo r  s in g le  f ib re s  between eq. ( O  and eq. (6  ) . The second u se fu l 
fe a tu re  i s  th a t  by ro ta tin g  the  graph 90° an ti-c lo c k w ise , and r e la b e l l in g
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median chain s tre n g th  v s . chain len g th . By .p u ttin g  the  o r ig in  o f  th e  
ln(m) ax is  a t  the  p o s itio n  of 0 .5  p ro b a b ili ty  of f a i lu r e  th e  graph becomes 
one o f  In  (median s tre n g th )  v s . In  (length) l ik e  F ig. 57.
The s t a t i s t i c a l  models o f f a i lu r e  p resen ted  in  the  l i t e r a tu r e  
consider a u n id ire c tio n a l  composite as an a rray  of p a r a l l e l  f ib r e s  carry in g  
equal loads in  a m atrix  m a te r ia l which bears n e g lig ib le  load . The f i r s t  
f a i lu r e  event as load i s  ap p lied  i s  f ra c tu re  of a f ib r e ,  a f t e r  which th e re  
are  a number o f p o s s ib i l i t i e s  fo r  the  p rogress o f f a i lu r e ,  o f which th re e  
s p e c ia l cases a re  considered  by Zweben and Rosen (28 ,29 ,30 ,32). They id e n tify  
a ’weakest l i n k ’ f ra c tu re  mode in  which th e  m atrix  t r a n s fe r s  th e  load 
which was c a r r ie d  by a broken f ib r e  to  ad jacen t f ib re s  which f a i l  under 
the  in creased  load . F rac tu re  o f th e  composite th e re fo re  follow s from 
th e  f i r s t  f ib r e  f ra c tu re  which rep re sen ts  th e  ’weakest l i n k ’ , as considered  
by Gucer and Gurland (37). In p r a c t ic e ,  fo r  c frp  th is  c r i te r io n  i s  over 
co n serv a tiv e , and has been extended to  f ra c tu re  of th e  f i r s t  o v e rs tre ssed  
f ib r e  as a lower bound to  composite s tre n g th  by Zweben (31,32). and Zweben 
and Rosen (29 ,30). I f  the f i r s t  f ib r e  f ra c tu re  i s  con tained , fu r th e r  
f ra c tu re s  w i l l  occur a t  s c a tte re d  p o s itio n s  throughout th e  composite 
causing a g en era l weakening, and u ltim a te  f a i lu r e  may then  occur when 
the  weakest c ro ss -s e c tio n  i s  no longer able to  support the  ap p lied  load .
This i s  termed th e  ’ cum ulative weakening ’ mode by Zweben and Rosen 
(29 ,30). The f a i lu r e  mode which i s  most re le v a n t to  th is  s tudy  vis the  
’f ra c tu re  p ro p ag a tio n ’ mode in  which groups o f ad jacen t f ib r e  f ra c tu re s  
grow by successive  f ra c tu re  o f neighbouring o v e rs tre ssed  f ib r e s  u n t i l  
one group of cracks becomes u n s tab le  and p r e c ip i ta te s  t o t a l  f a i lu r e .  This 
i s  the model considered  by Zweben and Rosen (28,29,30,32) and Argon (34), and 
more re c e n tly  by Harlow and Phoenix (39) fo r  f ib r e  com posites, and by 
Scop and Argon (35,36) fo r  lam inates.
The key to  f ra c tu re  in  th is  mode i s  the  r e d is t r ib u t io n  of load  
between f ib re s  when a f ib re  b reaks. In the extreme case a f ib r e  could 
become com pletely decoupled from th e  m atrix  by debonding over i t s  whole 
leng th  under th e  a c tio n  o f in te r fa c e  shear s t r e s s e s ,  and th e  load i t  
c a r r ie d  would be evenly d is t r ib u te d  between the  f ib re s  rem aining in ta c t .
The composite would then behave as a bundle o f uncoupled f ib r e s  as 
considered  by Coleman (38). I t  i s  more l ik e ly  th a t  the  load in  th e  broken 
f ib r e  b u ild s  up away from the  plane o f f ra c tu re ,  so th a t  a co n sid e rab le  
d is tan ce  away i t  can e f fe c t iv e ly  support the  average f ib r e  load . This 
is  analogous to  the  s i tu a t io n  o f  a f ra c tu re d  p ly  in  a lam inate , F ig . 5. 
Various models have been proposed fo r  the r e d is t r ib u t io n  o f load a t
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t i o r e  DreaKs, usm g an e l a s t i c  sh ea r-lag  a n a ly s is ,  by Rosen (33) fo r  a 
2-D a rray  o f f ib r e s ,  and by Hedgepeth and Van Dyke (47) fo r  5-D 
square and hexagonal a rray s  w ith  and w ithout p l a s t i c  flow  in  th e  m atrix , 
and by Van Dyke and Hedgepeth (48) fo r  a sp e c ia l behaviour in  which th e  
m atrix  becomes com pletely debonded from th e  f ib r e  a t  a p re sc rib ed  s t r e s s  
le v e l.  More re c e n tly  Ko (49) has perfom ed  a f i n i t e  element a n a ly s is  o f ’ 
a s in g le  f ib r e  in  a m atrix  m a te r ia l. The r e s u l t s  of th ese  a n a ly s is  are  
u su a lly  inco rp o ra ted  in to  the  s t a t i s t i c a l  s tre n g th  model in  an 
approximate way by d e fin in g  an ’in e f fe c tiv e  le n g th ' (Rosen (33)) in  which 
load in  a broken f ib r e  b u ild s  up to  i t s  average v a lu e . G enerally  th e  
load co n cen tra tio n  i s  only s ig n if ic a n t  in  c lo se  neighbours, b u t the 
exact value and form o f load  b u ild -u p  depends on th e  m atrix  e l a s t i c  
and p la s t i c  p ro p e r t ie s ,  th e  modulus o f m atrix  and f ib r e ,  and th e  f ib r e -  
m atrix  in te r fa c e  brond s tre n g th . Hedgepeth (46) has c a lc u la te d  a dynamic 
overshoot fo r  the  load co n cen tra tio n  from 1.15 to  a lim itin g  value o f 
1.27 fo r  th e  case o f  a 2-D a rray . No experim ental inform ation  i s  a v a ila b le  
on the  load r e d is t r ib u t io n  in  c lo se  packed 3-D array s of carbon f ib r e s ,  
b u t Zweben (32) has found in e f fe c t iv e  leng ths in  the  range 0.78 -  2.2mm 
(to  one s id e  o f the  f ra c tu re )  in  a p h o to e la s tic  study of a s in g le  la y e r  o f 
g la ss  f ib re s  in  two d i f f e r e n t  epoxy re s in s .
In essence the  weakest l in k , cum ulative weakening, and f ra c tu re  
propoagation f a i lu r e  sequences belong to  a s in g le  model which takes in to  
account the  r e d is t r ib u t io n  o f load , and th e  d iffe ren ce s  between them a r is e  
from th e  d i f f e r e n t  load sharing  ru le s  adopted in  each in s ta n c e . This 
model, which i s  developed w ith  a number o f sim p lify ing  assumptions by 
r e f s .  (28-30, 32-37, 39) considers a composite body as a chain  o f th in  s l ic e s  
F ig . 11. The approach takes the  cdfW (T) fo r  th e  f ib re s  a t  a len g th  equal 
to  the  th ick n ess  o f the  s l i c e s , (u su a lly  the  in e f fe c t iv e  le n g th ) ,and 
a p p lie s , an ap p ro p ria te  load sharing  r u le ; considering  each s l i c e  as a bundle 
o f f ib re s  to  d eriv e  the  cdf fo r  th e  bundles G(<r),and then d eriv es  the  cdf 
fo r  f a i lu r e  o f a chain of these  bundles H(t ) ,  which is  the  composite cd f.
This l a s t  s te p  i s  e a s i ly  accomplished as dem onstrated between eq. ( O  
and eq. ( £ ) .  G eneration o f G(cr) from W(<r) i s  a problem o f considerab le  
m athem atical com plexity fo r  a l l  b u t t r i v i a l  load sharing  r u le s .  I t  i s  
a lso  the  s tag e  in  which the  behaviour of the  m atrix  as a coupling medium is  
in troduced through the  load sharing  ru le .  S im plifying assumptions made a t  
th i s  s tage  are  re sp o n sib le  fo r  some of th e  c o n f lic tin g  r e s u l t s  produced in  
the  re fe ren ces  l i s t e d  above. The f i r s t  approxim ation i s  made in  adopting 
a th ick n ess  fo r  th e  s l i c e s .  The load  sharing  ru le  assumes th a t  w ith in  a 
s l i c e  the  broken f ib re s  ca rry  no load , and th a t  o th e r f ib r e s  are  o v e rs tre sse d
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c i te d  above, b u t the  in c o rp o ra tio n  o f a more d e ta ile d  s t r e s s  f i e ld  would 
make subsequent an a ly s is  com pletely in tra c ta b le .  Each s l i c e  i s  assumed 
to  behave independently .
Harlow and Phoenix (39) have reviewed e a r l i e r  workers s t a t i s t i c a l
m odels, and have ra is e d  im portant questions about th e i r  assum ptions,
in  p a r t ic u la r  th e  load sharing  ru le s  adopted. They choose a lo c a l  load
sharing  ru le ,  which i s  defined  fo r  a l l  combinations o f broken f ib re s  in
a s l i c e ,  and which is  com patible w ith  the  observations in  Chapter 2. Their
approach i s  follow ed in  th is  work. By conducting exact computer s im u la tions
fo r  bundles o f n = 4 to  9 f ib re s  they have provided powerful evidence th a t
behaviour converges to  a l im i t  fo r  9 or more f i b r e s , b u t th i s  has n o t been
rig o ro u s ly  proven. When a uniform  load i s  ap p lied  to  a l l  f ib re s  in  th e
bundle, f a i lu r e  w i l l  occur i f  the  s tren g th s  o f th e  f ib re s  perm it a p ro g ressio n
through some sequence o f th e  2n p o ss ib le  co n fig u ra tio n s  of broken f ib r e s ,
w ith  th e  p rov iso  th a t  broken f ib re s  cannot be re p a ire d . The m athem atical
com plexity a r is e s  from the  need to  consider a l l  sequences o f f ib r e  f r a c tu r e s ,
and to  assig n  p ro b a b i l i t ie s  to  each, applying th e  load sharing  ru le  of. each
stage  of the sequence. The p ro b a b i l i t ie s  o f  each sequence are summed to
give G (cr) • I t  i s  only p ra c tic a b le  to  w rite  a n a ly tic  expressions fo r  G (cr)
fo r  sm all numbers of f ib re s  (n ^ 5 ), and in  any case th ese  are cumbersome
and o f fe r  l i t t l e  in s ig h t  in to  the  n a tu re  of G (a*). Harlow and Phoenix
(39) generate  a l l  2n s ta te s  o f broken f ib re s  w ith  a sso c ia te d  load f a c to rs
according to  th e i r  lo c a l load sharing  r u le .  This g ives th e  load co n cen tra tio n
on an unbroken f ib r e  as Kr  = 1 + r  where r  i s  the number of broken f ib re s
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immediately ad jacen t to  i t .  The ru le  has two im portant f e a tu re s ,  th e  loads 
on unbroken f ib re s  sum to  the t o t a l  load on th e  bundle, and the  ru le  
s p e c if ie s  load co n cen tra tio n  fa c to rs  fo r  every co n fig u ra tio n  o f broken and 
su rv iv ing  f ib r e s .  The computation then generates a l l  p o ss ib le  f a i lu r e  
sequences and th e i r  p ro b a b i l i t ie s  a t  given load le v e ls ,  and sums them 
to  give G (cr) fo r  th e  bundle. T heir major fin d in g  is  th a t  the  bundle s tre n g th  
behaves as i f  determ ined by a w eakest l in k  when th e  number of f ib r e s  i s  
la rg e . They assume weakest l in k  behaviour fo r  Gn (a~), and apply w eakest 
l in k  sca lin g -b ack  to  s in g le  f ib r e  s iz e  to  o b ta in  Wn (<r) according to
V < r )  = 1 -  Cl -  ( 9 )
which is  ju s t  a ln (n ) downward t r a n s la t io n  on the  W eibull p ro b a b ili ty  
graph. Wrn (cr) i s  th e  cdf fo r  a s in g le  f ib r e  when i t  i s  p a r t  o f a bundle 
o f n f ib r e s .  WTn (cr) fo r  n = 1 to  9 i s  p resen ted  in  Fig. 12(a) and (b) fo r
w = 5 and 10 re sp e c tiv e ly , and apparen tly  converges to  a l im it  c lo se  to
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of w from 3 to  50 i s  shown in  F ig . 12 ( c ) . This im p lies, bu t does n o t 
prove, th a t  la rg e  .bundles behave in  a weak lin k  manner, and G (a*) ' ' . 
is  given by
Gn O ) = 1 -  (1 -  Wn (<r))n  O )
where Wn (cr) changes l i t t l e  fo r  n > 9 .
Two fu r th e r  p o in ts  o f in te r e s t  are  th a t  th e  v a r i a b i l i ty  o f  th e  bundle 
s tre n g th  i s  le s s  than  th a t  o f  the  f ib r e  fo r  la rg e  bundles, and th a t  
the  G(cr) i s  n o t a W eibull d is t r ib u t io n .
The approximate weak lin k  behaviour means th a t  fo r  composites 
con ta in ing  la rg e  numbers of f ib r e s , ' combining bundles in  p a r a l l e l ,  i . e .  
making th e  composite w ider, decreases i t s  s tre n g th  in  the  same way as 
making i t  longer by in c reasin g  th e  number of h y p o th e tica l s l i c e s .
Combining equations (lo) and (6  ) fo r  n f ib re s  loaded in  p a r a l l e l  in  
each s l i c e ,  and m s l ic e s  chained in  s e r ie s  gives the  composite cdf...
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HjnnM i-s ob tained  g rap h ic a lly  by t ra n s la t in g  W (t ) v e r t ic a l ly  by 
an amount In  (mn). This i s  an im portant r e s u l t  because i t  in d ic a te d  
th a t  the  median s tre n g th  o f la rg e  composites i s  volume dependent, and 
decreases as th e  volume i s  in creased , however th is  i s  accom plished.
The analyses o f Argon (34) and Scop and Argon (36) are in  c o n f l ic t  
as they p re d ic t  a maximum in  composite s tre n g th  a t  some bundle s iz e ,  
and Harlow and Phoenix (39) a t r r ib u te  th is  to  the  load sharing  ru le  
adopted. (When n  i s  sm all and m i s  la rg e  Harlow and Phoenix do p re d ic t  
an in c rease  in  s tre n g th , b u t fo r  composites o f in t e r e s t  here bo th  n and 
m are  la r g e ) .  Weakest l in k  behaviour and th e  convergence o f W (cr) 
near n = 9 imply th a t  lo c a l accum ulation o f f ib re  f ra c tu re s  dominates 
any longer range in te ra c tio n s  more than  9 diam eters a p a r t.
Experim ental s tu d ie s  of the  s iz e  dependence o f th e  s tre n g th  
of com posites have produced c o n f lic tin g  r e s u l t s .  Scop and Argon (36) 
have shown an in c rease  in  s tre n g th  wdth the number o f p a r a l le l  elem ents 
fo r  2-D a rray s  o f up to  10 vapour-deposited  boron film s on polyim ide s h e e ts , 
and s im ila r  behaviour fo r  2-D a rray s  of g la ss  f ib re s  re in fo rc in g  
packaging tap e . Argon (34) compares th is  w ith  the monotonic decrease  of. 
composite s tre n g th  w ith  volume of g la ss  f ib r e  (shown by Kies) fo r  a range
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s tre n g th  passes through :a maximum. Hitchon,McCausland and P h i l l ip s ,  and 
Hitchon and P h il l ip s  (50, 52) show th a t  the  W eibull equation  adequately  
d esc rib es  the  d iffe re n c e  in  s tre n g th  between te n s i le  and hoop-burst 
c frp  specimens a r is in g  from d iffe re n c e s  in  volume and s t r e s s  d is t r ib u t io n ,  
b u t n o t in  the  case o f f le x u ra l  specimens, and they  a t t r ib u te  th is  
d iscrepancy  to  a change in  f a i lu r e  mode. Hughes and Jackson (53) and Hughes 
Morley and Jackson (54) have shown th a t  f a b r ic a tio n  and te s t in g  procedures 
can have a very  s ig n if ic a n t  in flu en ce  on apparent s tre n g th . In  p a r t ic u la r  
improving th e  alignm ent o f f ib re s  in  th e  impregnated tow t e s t  by moulding 
in s id e  s h r in k - f i t  p l a s t i c  tubing  can in crease  s tre n g th  by a f a c to r  o f ^  1.5
(53), and th e  importance of packing and alignm ent o f f ib r e s  i s  s tr e s s e d  in
(54).
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Before d iscu ss in g  the  models which have been proposed to  
account fo r  hybrid  e f fe c ts  i t  i s  worth emphasising the  n a tu re  o f the s t r a in  
enhancement which has been found in  th is  work, and which the  d iscu ss io n  
in  Chapter 3 w i l l  attem pt to  ex p la in . In a l l  the  hybrid  composites te s te d  
the  f i r s t  macroscopic f a i lu r e  event was a f ra c tu re  o f th e  low -elongation 
component, in  th is  case re in fo rce d  w ith  carbon f ib r e ,  w ith  no in d ic a tio n , 
even a t  the  m icroscopic le v e l ,  o f f ra c tu re  in  th e  h ig h -e lo n g a tio n  
components (re in fo rc e d  w ith  g la ss  f i b r e ) . The prim ary concern i s  to  
understand why th e  f i r s t  and subsequent f ra c tu re s  o f th e  low -elongation 
component occurred a t  a h ig h er s t r a in  in  th e  hybrid  composites than  i s  
expected from i t s  behaviour when te s te d  s e p a ra te ly .
B unsell and H arris  (6) have suggested re s id u a l therm al s t r a in ,  
b u t th is  cannot account fo r  th e  f u l l  magnitude o f the  observed enhancement. 
Zweben (10) has proposed a model fo r  a hybrid  con ta in ing  equal numbers o f 
high-and low -elongation  elem ents, which may. be f ib re s  or yam s o f f ib r e s ,  
and p re d ic ts  the  s t r a in  a t  th e  f i r s t  f a i lu r e  o f a h igh-e  lo ngation  elem ent 
to  give a lower bound fo r  s tre n g th . E s s e n tia l ly  th e  argument fo llow s h is  
previous bounding approach (31), b u t the  d iffe re n ce  l i e s  in  th e re  being 
two types of f ib r e  p re se n t w ith  d i f f e r e n t  s tre n g th  d is t r ib u t io n s  (assumed 
to  be W eibu ll). The model i s  n o t d i r e c t ly  ap p licab le  to  the hybrid  
composites in  th i s  study  because th e  f a i lu r e  c r i te r io n  involves f ra c tu re  
of the h ig h -e lo n g a tio n  elem ents, whereas th e  s t r a in  enhancement phenomenon 
does n o t.
Aveston and Sillwood (7) consider the  re la x a tio n s  and re le a se  
o f s t r a in  energy when a f ib r e  breaks fo r  th e  two cases , where i t  remains 
bonded to  the  m a trix , and where i t  debonds a t  a lim itin g  value o f 
in te r fa c e  shear s t r e s s .  The energy which becomes a v a ila b le  as a r e s u l t  
o f th ese  re la x a tio n s  i s  equated to  the  f ra c tu re  energy o f th e  carbon f ib r e  
to  o b ta in  a lower bound on th e  f a i lu r e  s t r a in  fo r  the  f ib r e .  Using a 
f ra c tu re  energy value fo r  g rap h ite  p re d ic ts  a f a i lu r e  s t r a in  f o r  carbon 
f ib re s  in  a g la ss  re in fo rce d  m atrix  of ^ 0 .0 1 , which agrees w ell w ith  
experim ent. No p re d ic tio n  i s  made fo r  the  case o f a carbon f ib r e  in  
a carbon f ib r e  re in fo rce d  m atrix . In th ese  analyses th e  r e s in  and h igh - 
e longation  f ib re s  are lumped to g e th e r as ’m a tr ix ’ . The f a i lu r e  s t r a in  
in  th e  bonded case i s  p ro p o rtio n a l to  th e  ’m a tr ix ’ shear modulus to  the  
power 0 .2 5 , and in  the  debonded case i s  p ro p o rtio n a l to  th e  ’m a tr ix ’
Young's Modulus to  the power 0 .5 . Surrounding the  carbon f ib r e s  by more 
com pliant g la ss  f ib re s  should r e s u l t  in  a lower f a i lu r e  s t r a in  fo r  in d iv id u a l 
carbon f ib re s  than  when they  are  surrounded by s t i f f e r  carbon f ib r e s .
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hybrid  e f f e c t ,  though the  au thors do n o t remark on th i s  aspect o f th e i r  
p re d ic tio n s . E m pirica lly  th is  can be understood in  terms o f the 
re la x a tio n s  a t  a f ib r e  break . I f  lower modulus m a te r ia l surrounds th e  
f ib r e  f ra c tu re  the  crack opening w i l l  be g re a te r ,  and more s t r a in  energy 
w all be re le a se d . In view of t h i s ,  i t  i s  extrem ely u n lik e ly  th a t  t h e i r '  
carbon f ib re  f a i lu r e  s tr a in s  were enhanced in  th e i r  g la ss /ca rb o n  h y b rid s , 
and i t  i s  more probable th a t  they  d id  n o t d e te c t  f a i lu r e  o f carbon f ib re  
in  th e  hybrid  u n t i l  the number o f f ra c tu re s  had f a r  exceeded th a t  req u ired  
to  cause f a i lu r e  in  an a ll-c a rb o n  f ib r e  composite.
The e n e rg e tic  argument does have a p p lic a tio n  to  lam inates,and  
p re d ic ts  a f a i lu r e  s t r a in  enhancement as proposed in  Appendix 2. I f  a 
lamina o f low -elongation  m a te r ia l i s  te s te d  in  is o la t io n ,  in  th eo ry , 
a l l  th e  s t r a in  energy s to re d  w ith in ’ th e  specimen is  a v a ila b le  to  meet 
f ra c tu re  energy requ irem ents, b u t i f  the  lamina i s  combined w ith  h igh - 
e lo n g atio n  m a te r ia l which does n o t b reak , th e  re la x a tio n s  and energy re le a se  
a t  th e  f ra c tu re  w il l  be reduced, whether th e  h ig h -e lo n g a tio n  m a te r ia l has 
a h ig h er or lower modulus. In  th is  case a ’f r e e ’ element i s  being compared 
w ith  a s im ila r  one whose re la x a tio n s  are 'c o n s tra in e d ’ , and the  red u c tio n  
in  energy re le a se  in  th e  co n stra in ed  cond ition  may req u ire  a h ig h er 
app lied  s t r a in  to  meet the thermodynamic cond itions fo r  f r a c tu re .
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EXPERIMENTAL WORK
2-1 INTRODUCTION
This ch ap te r co n s is ts  o f  a d e ta i le d  account o f th e  experim ental 
techniques and th e  r e s u l ts  ob ta ined , to g e th e r  w ith  a p re lim in ary  d iscu s­
s io n  o f t h e i r  s ig n if ic a n c e . The d e ta i le d  d iscu ss io n  i s  developed in  
Chapter 3.
The main elements o f  the  experim ental work were th e  fa b r ic a t io n  
o f composite lam in a tes , mechanical t e s t in g ,  and s tr u c tu r a l  s tu d ie s  to  
determ ine th e  mechanisms o f damage in i t i a t i o n  and development.
One o f the  p r in c ip a l  aims o f  th e  research  was to  study  the  
e f fe c ts  o f the le v e l  o f  d isp e rs io n  o f the  two types o f f ib re  in  the  
lam inate on i t s  p ro p e r tie s .  For th e  i n i t i a l  experiments, i t  was convenient 
to  fa b r ic a te  the  lam inate from shee ts  o f  u n id ire c tio n a l f ib re s  im pregnated 
w ith  a B -staged re s in  ( " p re -p re g ." ) . These were a v a ila b le  w ith  th re e  
f ib r e s ,  and a range o f sandwich lam inates was prepared  from th ese  m a te r ia ls  
This technique was lim ite d  in  th a t  the  u ltim a te  le v e l of d isp e rs io n  "was 
c o n tro lle d  by the  th ickness o f the p re -p reg  (0.125 mm) , and th e  d isp e rs io n  
was v a r ia b le  only through the  th ickness o f th e  lam inate. For th i s  reason  
fu r th e r  lam inates were p repared  from sep a ra ted  and d isp ersed  tows o f carbon 
f ib re s  using  wet re s in  im pregnation techn iques.
Using the p re -p reg  system , specimens could be fa b r ic a te d  
5 4con ta in ing  between 10 and 10 carbon f ib re s  in  a d is c re te  la y e r , b u t to
achieve g re a te r  d isp e rs io n  o f  th e  carbon f ib r e ,  two fu r th e r  techniques
were developed to  reduce the minimum s iz e  of carbon f ib r e  bundles in  th e
com posite. In  th e  f i r s t  o f  th e se , h yb rid  composites were filam ent-wound
4 3to  in c lu d e  d is c re te  bundles o f between 10 to  10 f ib r e s ,  ob ta ined  by
4
subd iv id ing  the  10 filam en t tow in  which the carbon f ib re  was su p p lied .
The second o f th ese  techniques was to  spread  th e  carbon f ib r e
tow in to  a ’v e i l ’ , on average only 1.5 f ib r e  diam eters th ic k , b u t co n ta in -
2
ing bundles o f between 1 and 10 f ib r e s .  Between a l l  th re e  fa b r ic a t io n  
techniques the  range o f bundle s iz e s  covered i s  from 1 to  ~  10  ^ f ib r e s .  
D if f ic u l t ie s  in  handling  bundles o f le ss  than a tow (10^ f ib re s )  meant
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carbon f ib r e  bimdl.es o f the req u ired  s iz e  w ith in  a g la ss -re in fo rc e d  
t e s t  coupon of convenient s tan d ard  dim ensions, r a th e r  than  covering a 
range o f p ro p o rtio n s  o f th e  two f ib r e s .
B asic ev a lu a tio n  o f th ese  hybrids in  te n s i le  t e s t s  showed th a t  
the s tre n g th  r e a l iz e d  by the carbon f ib re  component could be in c reased  as 
th e  f ib re  was more h ig h ly  d isp ersed  and the  aim o f subsequent m echanical 
te s t in g  was then to  in v e s tig a te  in  d e ta i l  th e  various p rocesses which 
lead  up to  f a i lu r e ,  and the  way in  which they are in fluenced  by the 
arrangement o f  f ib re s  in  a h y b rid . Although s im ila r  mechanisms o f f a i lu r e  
were found in  a l l  the h y b rid s , the  range o f sc a le  involved i s  very  la rg e , 
and the  s ig n if ic a n c e  of each mechanism in  th e  f a i lu r e  p rocess as a whole 
v a r ie s  g re a tly  between hybrids o f  d if f e r e n t  d isp e rs io n . For example, 
cracking o f f ib re s  and m atrix , normal to  th e  te n s i le  a x is ,  was found in
a l l  o f th e  h y b rid s , b u t ranges in  sc a le  from breaks in  in d iv id u a l f ib r e s ,
-10  2 -5  2 ~10  m in  a rea , to  f ra c tu re s  o f e n t i r e  laminae ~  10 m in  a rea .
O p tical microscopy was su c c e ss fu lly  used to  observe damage fe a tu re s  over
th is  range o f  s c a le , both  on p o lish ed  s e c tio n s , and in  in ta c t  specimens,
and has been extended w ith  an e le c t r i c a l  e tch ing  technique to  enable th e
id e n t i f ic a t io n  and lo ca tio n  o f in d iv id u a l f ib re  f ra c tu re s .  In  a d d itio n ,
the microscopy was supplemented w ith  aco u s tic  em ission m onitoring which
gave se m i-q u a n tita tiv e  measure of the  very la rg e  number of m icroscopic
f a i lu r e  ev en ts . At the m acroscopic sc a le  th e  propogation o f t ra n s v e rs e ,
and delam ination cracks i s  o f  i n t e r s t ,  and su rface  s t r a in s  were measured
in  th e  f a i lu r e  zones by using  a la s e r  moire technique.
O v era ll, th ese  techniques have been developed to  p rov ide th e  
q u a l i ta t iv e  and q u a n ti ta t iv e  in form ation  from s in g le  f ib re s  and composites 
needed to  assess  models o f th e  f a i lu r e  o f hybrids w ith  a wide range o f 
mixing o f th e  f ib r e s .
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2-2-1 M ate ria ls
A ll th e  lam inated composites were u n id ire c tio n a l  and were 
fa b r ic a te d  from f ib r e  p re -p reg  shee ts  supp lied  by F o th e rg il l  & Harvey 
Ltd. Two types o f  carbcn f ib r e  were used, h ig h -s tre n g th  carbon (HTS) , . 
and high-modulus carbon (HMS) , manufactured by Courtaulds Ltd. Both 
f ib re s  were su rface  t r e a te d  to  improve adhesion to  th e  m atrix . This 
trea tm en t i s  p ro p r ie ta ry  and f u l l  d e ta i l s  have n o t been re le a se d , b u t i t  
i s  known to  c o n s is t  o f  an e le c t r o ly t i c  o x ida tion  trea tm en t. The e x te n t 
of th i s  trea tm en t has been su b je c t to  considerab le  v a r ia t io n  by the  
m anufacturer and o f the  batches o f f ib re  su p p lied  fo r  th is  work, th e  HTS 
f ib r e  had been t r e a te d  to  a "low er” and th e  HM3 to  a "h ig h er” ' le v e l  of 
trea tm en t. However th e  HMS f ib r e  has lower i n t r i n s i c  adhesion to  the 
r e s in  than  th e  HTS so th a t  d i r e c t  comparisons are  very d i f f i c u l t .
The th i r d  f ib re  was a S ilenka  1200 TEX E -g lass  roving  ca rry in g  
an epoxy - com patible s iz e .  F ibre and re s in s  are summarised in  Table 3. 
The im pregnating re s in  was a p ro p r ie ta ry  epoxide system co n s is tin g  o f a 
B -staged p re-condensate  w ith  a BF^ - complex as an a c t iv a to r ,  (F o th e rg il l  
& Harvy L td . , Code 69). I t  had been app lied  to  th e  f ib re s  w ith  a ketone 
so lv en t which was subsequently  removed by evaporation .
The p re -p reg  sh ee ts  were designed to  give a lam ina th ick n ess  
o f 0.125 mm a t  0 .6  volume f ra c tio n  o f f ib r e s .
The rem aining wet lay-up composites were a lso  u n id ir e c t io n a l ,  
and were fa b r ic a te d  from a s in g le  b a tch  o f HTS f ib r e ,  b u t n o t th e  same as 
th a t  used fo r  th e  p re -p reg  lam inates. An anhydride-cured b isp h en o l -A 
based epoxy r e s in  system was chosen fo r  th ese  hand-lay-up com posites, and 
was form ulated from S h e ll Chemicals, Epikote 828 ( r e s in ) ,  Epikure NMA 
(nadic  methyl anhydride curing  agent) , and BDMA (benzyl dim ethyl amide) 
a c c e le ra to r ,  in  th e  p ro p o rtio n s  100 : 80 : 1. A number o f batches o f 
th ese  m a te r ia ls  were used , which although nom inally id e n t ic a l  w ere, in  
the  case o f th e  r e s in ,  o f s l ig h t ly  d i f f e r e n t  co lour.
2-2-2 F ab ric a tio n  o f lam inates from * ’p re -preg"
Laminates were prepared  by lay in g  up th e  ap p ro p ria te  sequence 
of 100 x  200 mm sh ee ts  o f  p re -p reg  ( f ib re s  p a r a l le l  to  200 mm dimension) 
in  an open ended trough-m ould, and ho t p re ss in g  in  a hand-operated  screw 
p re s s . The p re ss  was instrum ented w ith  as.traiit-gauge lo a d -c e l l  between 
the screw and upper p la te n  to  allow  accu ra te  co n tro l o f p re ssu re  on the
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Before assembly the in n e r su rfaces  o f  the  mould were sprayed w ith  
a p ro p r ie ta iy  PTFE based s i l ic o n e - f r e e  mould re le a se  agent (Rocol MRS) , the 
p re -p reg  pack was in s e r te d , and the  mould was p laced  in  th e  p ress  under 
minimal co n tac t p ressu re  a t  130° C fo r  10 m inutes, to  m elt the  r e s in ,
F ig . (13). I t  was then removed to  a p re -h ea ted  vacuum oven and degassed 
fo r  15 m inutes a t  130° C, a f t e r  which i t  was re tu rn ed  to  the  h o t p re ss  a t  
130° C. The p la te n  tem perature was then ra is e d  to  170° C over a p e rio d  of 
10 m inutes w h ils t  the  p re ss  was g en tly  screwed down to  c lo se  th e  mould onto 
m etal stops which e s ta b lish e d  th e  f in a l  lam inate th ic k n ess . A p ressu re  of 
0 .5  MPa was then  m aintained which ensured the  p roduction  o f f l a t  lam inates 
o f uniform  th ick n ess . The excess re s in  and any rem aining voids (bubbles) 
were ex pelled  through the  open ends o f the trough mould, and th e  re s in  
then g e lle d  ra p id ly  and cured over a p e rio d  o f  1 hour to  give a vo id  f re e  
composite. A fte r  th i s  p re -cu re  the  p ressu re  was re le a se d  and the  mould 
removed from th e  p re ss  and allowed to  a ir -c o o l to  room tem perature . The 
lam inate was e x tra c te d , and then p o s t-cu red  under l ig h t  p ressu re  fo r  a 
fu r th e r  3 hours a t  175° C in  an a i r  c irc u la t io n  oven. Throughout th is , work, 
the term  ’ lam ina’ i s  used to  d escrib e  th e  b a s ic  lay e r  o f re in fo rcem en t, 
fo r  example a s in g le  cured la y e r  of p re -p reg , from which a ’p ly ' i s  b u i l t  
up. A 'p ly ' i s  a number o f laminae w ith  the same f ib re  o r ie n ta tio n ,  and 
a number of p lie s , w ith , fo r  example, d if f e r e n t  f ib r e  ty p e s , make up a 
lam inate.
The vacuum degassing o f the  p re -p reg  pack was e s s e n t ia l  to  o b ta in  v o id  
f re e  com posites, s in ce  p re ss in g  w ithou t degassing in e v ita b ly  r e s u l te d  in  
foaming o f the r e s in  as the re s id u a l so lv en t in  the r e s in  b o ile d , although 
the  m anufacturer kep t p re -p reg  so lv en t con ten t to  below 1.5V by w eigh t.
This procedure d i f f e r s  from th a t  recommended by the  m anufacturer in  th a t  
r e s in  g e l occurs a f te r  co n so lid a tio n  p re ssu re  i s  ap p lied , so i t  i s  no t 
c r i t i c a l l y  im portant to  reach the g e l p o in t and apply p re ssu re  b e fo re  any 
so lv en t in  the re s in  b o i l s .
An unavoidable problem when sim ultaneously  p re ss in g  a number o f 
p re-p regs in to  a composite i s  th a t  as the re s in  m e lts , the  in v iv id u a l tow s, 
which have been ro lle d  f l a t  during m anufacture o f the p re -p re g , re la x  
back to  a more c i r c u la r  c ro s s -s e c tio n , and in term ing le  w ith  the tows in  
ad jacen t lam inae. The r e s u l t  i s  laminae of non-uniform  th ic k n e ss , although 
the o v e ra ll  dimension o f the f in a l  p la te  i s  u n a ffec ted . When a l l  p re -p reg s  
are of the same f ib r e  type th is  i s  no t im portan t, b u t when g la s s - f ib r e  and
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may become d isco n tin u o u s, and e f fe c t iv e ly  an assemblage o f in d iv id u a l 
tows. The poor co n tro l o f lamina geometry can be seen in  the  micrographs 
o f lam inate c ro s s -s e c tio n s , e .g . F igs. 75, 76. In  the case o f the  
lam inates produced fo r  m echanical p ro p erty  e v a lu a tio n , i t  was considered  
e s s e n t ia l  to  cure the  hybrid  lam inates in  one operation  so as to  ensure . 
homogeneity and consistency  o f  any cu red -in  s t r e s s ,  and o f the  p ro p e r tie s  
o f the in te r fa c e  between laminae. However, fo r  the  la s e r  moire work on 
delam inations between p l i e s ,  the  v a r ia t io n s  in  p ly -th ick n ess  obscured 
most o f  the  r a th e r  sm all s t r a in  v a r ia tio n s  in  the delam inated a re a s , and 
a tw o-stage p re ss in g  procedure was used to  achieve g re a te r  un ifo rm ity  o f 
p ly  th ick n ess . These th re e - la y e r  h y b rid  lam inates were produced by f i r s t  
p ress in g  a s in g le  carbon-ply  from p re -p reg  as o u tlin ed  above, b u t w ithou t 
a p o s t-c u re , and then removing a l l  tra c e s  o f  mould re le a se  agent by 
abrading w ith  400 g r i t  wet carborundum paper u n t i l  the su rface  would ho ld  
a w ater film . This p ly  was d rie d  and cleaned w ith  acetone, and assembled 
between o u te r  p l ie s  o f uncured g la ss  f ib re  p re -p reg  fo r  p re ss in g  in  th e  
normal way, follow ed by the s tandard  p o s t-c u re , F ig. 42.
2-2-3 F ab rica tio n  o f divided-tow  hybrid  compo s ite s  by w e t-lay -u p
Glass f ib r e  composites con ta in ing  bundles o f carbon f ib re  as 
e i th e r  s in g le  tows o r p o rtio n s  o f a tow, were fa b ric a te d  by a w et-lay -up  
procedure in  the  form o f f l a t  p la te s  200 mm x 200 mm x 2 mm th ick n ess . 
Each p la te  con tained  5 equally  spaced bundles sandwiched between two 
1 mm th ic k  g la s s - f ib r e  re in fo rced  p l ie s  and provided 5 specimens approx­
im ately  20 mm x 200 mm.
A carbon f ib re  bundle o f req u ired  s iz e  was g en tly  sep ara ted  as 
a m etre leng th  from .an unsized  tow, cleaned o f loose f ib r e s ,  and cu t in to  
5 leng ths which were a ttach ed  under l ig h t  ten sio n  w ith  adhesive 'tape to  
a re c ta n g u la r  m eta l frame j u s t  la rg e  enough to  f i t  over the  trough mould. 
The bundle s iz e  was determ ined by weighing to  an accuracy o f  ± 0 .1 1 , and 
the p r a c t ic a l  d i f f i c u l t i e s  o f  se p a ra tin g  a m etre o f tow con ta in ing  an
equal number o f  f ib re s  along i t s  leng th  r e s t r i c te d  the range covered to
4 3ju s t  over a decade, from 10 to  0 .6  x 10 f ib r e s .
Tows o f g lass  f ib re  were wound by hand to  the req u ired  th ic k ­
ness on two s im ila r  m etal fram es, and vacuum-impregnated w ith  the p re ­
mixed r e s in .  For im pregnation, a l ig h t  tra y  o f aluminium f o i l  was 
crimped around the two frames of g la s s - f ib r e ,  and about 100 ml o f 
r e s in  a t  room tem perature were spread over th e  upper f ib r e s .  This
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rap id ly  evacuated befo re  the r e s in  m elted and soaked in to  the  f ib r e s .
In th is  way foaming o f the  re s in  was avoided, and complete w etting  o f 
the f ib re s  took about 15 m inutes. The im pregnated frames were stacked  in  
the trough mould w ith  the carbon f ib re s  sandwiched in  th e  m iddle, (F ig.
13) and were m anipulated w ith  a b lun t-edged  to o l to  expel la rg e  a i r  
bubb les, and to  work re s in  in to  th e  carbon f ib r e s .  The mould was 
assembled w ith  stops as fo r  th e  lam inates, and hea ted  in  the  h o t-p re ss  
as i t  was screwed down to  expel excess r e s in  w ith  a p re ssu re  n o t exceeding 
o . l  MPa. The tem perature was h e ld  a t  100° C, and as the  re s in  g e lle d  th e  
p ressu re  was in creased  to  0 .5  MPa. A fte r 1 hour p re -cu re  a t  100° C th e  
mould was cooled, and the composite was ex trac red  and p o s t-cu red  fo r  3 
hours a t  150° C under l ig h t  p re ssu re  to  p reven t d is to r t io n .  The r e s u l t in g  
lam inates were tra n sp a re n t and v i r tu a l ly  v o id -f re e , see fo r  example F igs.
63 and 77.
2-2-4 F ab rica tio n  o f h i ghly d ispersed  hybrids
Although the  technique o f simply d iv id in g  tows by hand could 
cover a decade o f bundle s iz e ,  i t  was lim ite d  to  a minimum bundle s iz e  o f 
^ 6 0 0  f ib r e s ,  and the composite produced o ffe red  no opportun ity  to  study 
the in te ra c t io n s  between bundles. Mechanical t e s t s  on the  lam inated 
hybrids in d ic a te d  th a t  s tre n g th  improvements m ight be obtained  w ith  h ig h e r 
-d ispersion  o f the. carbon f ib r e ,  and th is  led  to  the developments o f a 
process to  sp read  a s in g le  tow in to  a 35 mm wide tape which could be 
in co rp o ra ted  in to  a composite as a d is c re te  lam ina, w ith  a mean th ick n ess  
of about 1.5 f ib r e  d iam eters. The tapes produced were n o t uniform , b u t 
contained co llim ated  groups o f between 1 and approxim ately 200f ib  r e s , w ith  
a spread in  alignm ent o f ± 15%. The general appearance o f a tape can be 
seen in  F ig. 49.
The tow was spread  in to  a tape by lead ing  i t  through a d iv erg en t
flow -water j e t .  Collim ation o f th e  f ib re s  was m aintained by e n su r in g ........
a c c e le ra tio n  o f  w ater flow p a s t the  f ib re s  which were fed  through the 
nozzle a t  constan t v e lo c ity . Fig. 14 is  a schem atic view o f the  
apparatus w ith  d e ta i ls ' o f the nozzle design , and Fig. 15 shows the 
im plem entation o f th i s .  The f ib re  and w ater e n te r  the nozzle  through a 
c i r c u la r  ho le  4 mm diam eter and pass in to  a square channel o f  equal a rea . 
Then over a leng th  o f 70 mm th e  c r o s s -se c tio n  changes from square to  
re c ta n g u a la r, w ith  the  w idth o f th e  channel in c reas in g  l in e a r ly  to  35 mm 
a t th e  e x i t  o f the n ozzle . The c o rs s -s e c tio n a l a rea  decreases l in e a r ly  by 
a fa c to r  o f th re e  over the length  o f the nozzle  to  ensure a l in e a r  in c rease
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by a h y p erb o lic  decrease in  th ick n ess o f the  channel. The whole nozzle 
assembly was made from a tra n sp a re n t a c ry lic  p la s t i c  fo r  easy viewing o f 
th e  flow p a t te r n ,  and the  hy p erb o lic  p r o f i le  was generated from a number 
o f stepped cu ts  made w ith  a m illin g  c u t te r ,  and was f in ish e d  w ith  a 
tem plate. C onsiderable care was needed to  ensure accuracy o f the e x i t  • 
s lo t  dimensions (0 .3  mm x 35 mm), which are c r i t i c a l  fo r  producing an 
even d is t r ib u t io n  o f f ib re s  across the  w idth o f the  tap e .
A w ater head o f 5 m i s  req u ired  to  generate  s ta b le  lam inar flow 
through the n o zz le , and th is  i s  h e ld  in  a v e r t ic a l  tube above th e  n ozzle . 
Water i s  fed  in to  the  apparatus through two opposed j e t s  j u s t  above the 
n o zz le , and which helps to  spread  th e  tow. The major p a r t  o f the  flow is  
through the n o zz le , b u t a p ro p o rtio n  flows up the tube p a s t  the  incoming 
tow to  remove loose su rface  f ib r e  which would clog the  n o z z le , and over­
flows a t  the top o f the tube m ain ta in ing  a constan t head.
At the e x i t  o f the  nozzle  th e  spread-tow  is  drawn o f f  h o rizon ­
t a l l y  over a curved-edged p la te  (o f  rad ius equal to  th e  nozzle length) 
allow ing the  w ater to  d ra in  downwards. To p reven t the wet tape  being  
p u lle d  to g e th e r  by su rface  te n s io n , i t  i s  c o lle c te d  on a s t r i p  o f gauze 
bandage, which passes under th e  rad iused  p la te ,  and i s  re e le d  under 
l ig h t  te n s io n , to g e th e r w ith  the gauze as a c a r r ie r ,  on a motor d riven  
drum. The w ater flow in  the nozzle  and the  re e lin g  ten sio n  p u l l  the 
spread-tow  through the  apparatus as i t  i s  unspooled from a motor d riven  
re e l  a t  the top o f th e  w ater head, a t  about 100 mm min The r e e l  o f 
ta p e , s t i l l  on the  gauze, i s  then d rie d .
This tape was in co rp o ra ted  in to  composites in  a s im ila r  manner 
to  th e  d iv ided  tows. The ta p e , h e ld  onto th e  gauze c a r r ie r  s t r i p  by loose 
f ib re s  and th e  l ig h t  s iz e  on th e  gauze, was p ressed  onto re s  in-im pregnated  
g la s s - f ib re s  in  the  trough mould. A fte r a few seconds the  f ib re s  w etted  
and stuck  to  the  r e s in ,  and th e  backing gauze could be pee led  away leav ing  
the  f ib re s  in  p la c e . T h e rea fte r the  process was the same as fo r  the  
divided-tow  com posites, w ith  f ib re  alignm ent m aintained during p re ss in g  
by flow of excess r e s in  out o f the  ends o f the trough mould.
2-2-5 Range o f composites fa b ric a te d
For ev a lu a tio n  o f s tre n g th  and f a i lu r e  mode a b a s ic  3 - la y e r  
co n s tru c tio n  was adopted fo r  the  h y b rid  lam inates w ith  th e  c a rb o n -f ib re  
component sandwiched between two g la s s - f ib r e  re in fo rced  p l ie s  o f  equal 
th ick n ess . This s im p lif ie d  f a b r ic a t io n , and f a c i l i t a t e d  ob serv a tio n  o f
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and a ls o ,  s in ce  th e  carbon f ib r e  f a i le d  befo re  the g lass  f ib r e ,  ensured , 
th a t  the  specimens remained balanced a f te r  f a i lu r e .  The aim was to  
in v e s tig a te  th e  e f fe c ts  o f  the  r a t io  and d isp e rs io n  o f  th e  two f ib r e  
types and th is  was done w ith in  the  l im ita tio n s  imposed by the  choice o f 
fa b r ic a tio n  technique. The p re -p reg  system allowed p ly -th ic k n ess  to  be 
v a r ie d , only in  quanta o f one p re -p reg  la y e r , (0.125 mm) and d isp e rs io n  
could be v a r ie d  th e re fo re  only in  one dim ension, through the th ick n ess o f 
th e  lam inate. S im ila rly  the  spread-tow  lam inates extended d isp e rs io n  o f 
the  ca rb o n -fib re  only in  one dimension. In  th e  divided-tow  hybrids the  
ca rb o n -fib re  bundle assumed an approxim ately oval cross s e c tio n .
With the p re -p reg  system  3 - la y e r  hybrids were produced w ith  
between 3 and 25 lam inae, u sing  HTS-carbon and E -g la s s , HMS-carbon and 
E-glas§ and HMS-carbon and HTS-carboh f ib r e .  In  ad d itio n , co n tro l 
lam inates o f a s in g le  f ib r e  type were fa b r ic a te d  in  a number o f th ick n e sse s . 
Divided-tow hybrids -were made w ith  fou r bundle s iz e s ,  and spread-tow  hybrids 
■with two th ick n esses  o f g la s s -p ly , the  th in n e r  being  more convenient fo r  
microscopy through the o u te r la y e rs . The spread-tow  and divided-tow  hybrids 
u t i l i z e d  only HTS f ib r e .  A ll th ese  composites are summarised in  Table 4.
T en sile  specimens were p repared  from the composite p la te s  by 
diamond-sawing in to  p a r a l l e l  s t r i p s ,  10 mm x 200 mm long in  the  case o f p re -  
preg lam in a tes, o therw ise 20 mm x 200 mm. Aluminium a llo y  end tag s  were 
bonded on to  th ese  s t r ip s  as shown in  Fig. 2. Aluminium a llo y  was found to  
be the  most s u ita b le  m a te r ia l fo r  end tags as i t  reduced g rip -g en e ra ted  
n o ise  which in te r f e r e d  w ith  a co u s tic  em ission m onitoring.
Such specimens are s p e c ia l  in  th a t  the  sc a le  o f  d isp e rs io n  i s  o f  the 
same o rder as the  specimen dim ensions, because in  th e  main they are  comprised 
o f only 3 - la y e rs . However, th ese  3 -la y e r  hybrids can be v is u a l is e d  as a 
b a s ic  u n i t  from which a more ex tensive  h y b rid  component could be made, 
c o n s is tin g  o f many r e p e ti t io n s  o f th e  b a s ic  u n i t  as in  F ig . 16. This con­
cep t i s  used as th e  b a s is  fo r  a d e f in it io n  o f d isp e rs io n . When comparing 
the p ro p e r tie s  o f h y b rid  composites two fundamental c o n s ti tu t io n a l  p a ra ­
m eters need to  be considered , the  hyb rid  r a t io ,  and th e  s ta t e  o f  d isp e rs io n . 
The hybrid  r a t io  i s  expressed as the p ro p o rtio n  o f the  t o t a l  f ib r e  volume 
rep resen ted  by each re in fo rc in g  f ib r e .  (E g. fo r  a -1 : 1 : 1 g lass-ca rb o n - 
g lass  lam inated hybrid  th e  carbon f ra c tio n  Pc = 0 .3 3 , and the g lass  
f ra c tio n  P = 0 .6 7 ). For lam inated hybrids d isp e rs io n  through the  th ick n ess
o
is  defined  as the  re c ip ro c a l o f the  th ick n ess  ( in  m etres) o f the  sm a lle s t
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In the  case o f sim ple 3 -la y e r  sandwich lam inates t r  i s  the t o t a l  lam inate 
th ickness F ig. 16. With th is  d e f in it io n  D in creases  as th e  laminae are  more 
in tim a te ly  mixed. This concept can be extended to  2- o r 3 -dimens ions along 
th e  l in e s  o f th e  re c ip ro c a l l a t t i c e  used in  c ry sta llo g rap h y , though, o f course
3 -la y e r  hybrids e f fe c t iv e ly  have no d isp e rs io n  across th e i r  w id th . These 
d e f in it io n s  o f D and Pc have the  m erit th a t  they are independent v a r ia b le s , 
and may be used to  rep re sen t the  range o f  lam inated hybrids g rap h ica lly .
F ig . 17 is  a 2-dim ensional re p re se n ta tio n  o f the range o f 
lam inates s tu d ie d . The le f t-h a n d  v e r t ic a l  axes show d isp e rs io n , and the  
number o f p re -p reg  laminae in  the  th ickness t  re sp e c tiv e ly , w h ils t  the 
h o r iz o n ta l ax is i s  the  carbon f ra c t io n  P . The s e ts  o f hyperbolae re p re se n t 
the  two r e s t r i c t io n s ,  th a t  a l l  lam inates be co n stru c ted  from in te g ra l  
numbers o f lam inae, and th a t  fo r  a balanced  3 -la y e r  co n s tru c tio n  th e re  must 
be an even number o f g lass  laminae. Laminate geom etries s a tis fy in g  th ese  
twin cond itions are  found a t  the in te rs e c t io n s o f  the  hyperbo lae, and those 
fa b r ic a te d  are in d ic a te d  by s o lid  c i r c le s .  The open c i r c le s  re p re se n t 
m u ltip le - la y e r- la m in a te s . .
An a l te rn a t iv e  s e t  o f axes, the numbers o f  carbon and g la ss  
lam inae, could equally  w e ll be used to  re p re se n t the  d a ta , b u t th is  would 
map l in e s  o f co n stan t d isp e rs io n  and carbon f ra c t io n  in to  s e ts  o f  hyperbolae. 
This i s  inconvenient as the d e n s ity , c o s t, and modulus o f the  composite 
depend l in e a r ly  on P , so i t  i s  d e s irab le  to  keep th is  v a r ia b le  as one o f 
the axes, th is  convention i s  a lso  used in  the p re se n ta tio n  o f m echanical 
p ro p e r tie s .
The divided-tow  hybrids are  such a sp e c ia l case o f a more g eneral 
type o f hyb rid  in  which many tows o r sm aller bundles o f each f ib re  are  mixed 
in  2-dim ensions, th a t  a rigorous a p p lic a tio n  o f th e  d isp e rs io n  d e f in i t io n  i s  
o f l i t t l e  v a lu e , and bundle s iz e  i s  a b e t t e r  param eter a g a in s t which to  
p resen t t e s t  r e s u l t s .  However to  see where th ese  hybrids l i e  in  r e la t io n  to  
hyb rid s lam inated from p re-p reg  and spread-towrs , i t  should be re c a l le d  th a t  
s in g le  ca rb o n -fib re  p re-p regs s p l i t  in to  tows during moulding, and th a t  the  
divided-tow  hybrids cover a decade o f  d isp e rs io n  from s in g le  towrs upwards 
towards th a t  o f spread-tow s. A dditional p re -p reg  lam inates .containing 
p re - f ra c tu re d  carbon p l ie s  were fa b r ic a te d  fo r  the  la s e r  moire work.
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2-3-1 T en sile  T e s tin g , s t r a in  measurement, and aco u s tic  em ission m onitoring
A ll t e n s i l e  specimens were s tra in e d  in  a model TTD /Instron 
u n iv e rsa l te s t in g  machine, using a constan t crosshead speed of 16.7 m/s 
which gives a s t r a in  r a te  o f approx. 170 x .10’ 6 S"1 . S tra in  was measured 
w ith  an e l e c t r i c a l  re s  i s  tancestra in jgauge  bonded d i r e c t ly  to  the specimen 
gauge len g th .
The gauge was connected in to  a b rid g e  coup l e t  ion  and balancing  
network whose ou tpu t was fed  in to  th e  In s tro n  s t r a in  am p lifie r  to  d riv e  
the  paper feed  o f th e  machine’s c h a rt reco rd e r. Before each t e s t  a c a l ib r a ­
tio n  re s is ta n c e  was tem porarily  connected across one o f the  b ridge arms to  
sim ulate  0.02 s t r a in .  The value o f th is  re s is ta n c e  was c a lc u la te d  from 
m anufacturer’s d a ta  fo r  the  gauge f a c to r ,  and was n o t changed throughout 
the experim ental programme. The s t r a in  measurements were no t c a l ib ra te d  
ag a in s t an e x te rn a l s tan d a rd , b u t are  s e lf - c o n s is te n t .  E rro rs  due to  
v a r ia t io n s  in  gauge fa c to r  and the  value o f th e  c a l ib ra t io n  re s is ta n c e  
should be le ss  than 21. Both w ire (10 mm and 30 mm) and f o i l  (6 mm) s t r a in  
gauges were used , the  former up to  0 .02  s t r a in ,  and the l a t t e r  up to  a t  
le a s t  0.03 s t r a in .  A ll gauges were bonded to  specimens, a f t e r  l ig h t ly  
abrading and degreasing , w ith  a co ld-cure epoxy adhesive (A ra ld i te ) .
A coustic em issions were m onitored during  s tr a in in g  o f  the  
specimens. These were received  by a p ie z o -e le c tr ic  tran sd u cer h e ld  in  
co n tac t w ith  the  specimen, and a c o u s tic a lly  coupled- to  i t  w ith  a th in  f ilm  
o f petroleum  j e l l y .  The tran sd u cer has a resonance in  th e  reg ion  o f  50 KHZ, 
and th e  response o f the  specimen - tra n sd u c e r  combination to  a t r a in  o f 
impulses i s  a s e r ie s  o f damped o s c i l la t io n s  (66) c a lle d  r in g  downs, F ig . 18. 
In  th e  m onitoring system used, Fig. 19, th e  d i r e c t  output o f  th e  tra n sd u c e r  
i s  am p lified  (by a constan t fa c to r)  and fed  to  a le v e l d e te c to r  which o u t­
p u ts  a p u lse  each time a p r e - s e t  th re sh o ld  i s  exceeded. The number o f 
pu lses  in  a g a tin g  p e rio d  o f 2 s i s  counted, and converted to  an analogue 
s ig n a l fo r  ou tpu t to  a ch a rt reco rd er. The q u a n tity  d isp layed  i s  the  count 
r a te ,  o r number o f counts in  the 2 s g a tin g  p e rio d , bu t th i s  i s  n o t the  
same as the r a te  a t  which impulses are rece iv ed  by the tra n sd u c e r . Because 
o f the  ring-down response o f the tran sd u cer and specimen, more than one 
p u lse , (o r  no p u lse  a t  a l l )  may be output by the le v e l d e te c to r , depending 
upon the  am plitude o f the aco u stic  im pulse. The recorded count r a te  th e re ­
fo re  depends upon the  amplitude o f the aco u s tic  im pulses, which depends on 
the proxim ity  o f a co u s tic  a c t iv i ty  and the a tte n u a tio n  p ro p e r tie s  o f th e
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s e n s i t iv e  channel o f th e  equipment was used. The nex t l e a s t  s e n s it iv e
channel has a 20 dB h ig h er d e te c tio n  le v e l ,  and re g is te re d  a count r a te  .
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lower by a f a c to r  o f roughly 10 .
In  the  e a r l i e r  lam inate t e s t s  lo a d /s t r a in ,  and aco u s tic  
em ission (A*E) /tim e  tra c e s  were obtained  on sep a ra te  re c o rd e rs , b u t fo r  
the  d ivided-tow  and spread-tow  hybrids both  A-E r a te  and load  were recorded 
a g a in s t s t r a in  on a two pen ch a rt reco rd er.
2-3-2 E la s t ic  prop e r t ie s  o f compo s ite s  b efo re  f a i lu r e
The Young’s modulus o f th e  composites was c a lc u la te d  from the  
g rad ien t o f the  lo ad /s  t r a in  curves which were l in e a r  over the  g re a te r  
p a r t  o f  th e i r  range up to  f a i lu r e .  At low s tr a in s  ( ~  0.001) the  
modulus o f a ll-c a rb o n  f ib re  composites was about 10% le s s  than a t  s t r a in s  
n e a re r  f a i lu r e ,  and th is  n o n - lin e a r i ty  has been a t t r ib u te d  by Reynolds (61) 
to  realingm ent o f  f i b r i l s  w ith in  the  carbon f ib r e .  This n o n - lin e a r i ty  i s  
found in  the hybrids in  p ro p o rtio n  to  th e  amount o f carbon f ib r e  p re se n t. 
Moduli fo r  a ll-c a rb o n  f ib r e ,  a l l - g la s s  f ib r e ,  and hybrid  composites are  
p resen ted  in  Table 4, and are c lo se ly  in  agreement w ith  th a t  p re d ic te d  
by the p a r a l l e l  ru le  o f m ix tures. The modulus o f a h y b rid ,
where E and E are the moduli of the carbon and g lass  re in fo rc e d  components, 
^ §
and and (1 - Pc) are  re sp e c tiv e ly  the f ra c tio n s  o f  the volume re in fo rc e d  
w ith  each f ib r e .
2-3-5 F a ilu re  s t r a in  and mode o f f a i lu r e  o f compo s ite s  w ith  a s in gle  t ype 
o f f ib re
The g la s s - f ib r e  and ca rb o n -fib re  composites te s te d  p re sen ted  
two very d i s t in c t  modes o f u ltim a te  f a i lu r e  which r e f le c t  d iffe re n c e s  in  
the f a i lu r e  s t r a in  and su rface  p ro p e rtie s  o f the  two f ib r e s .  The carbon- 
f ib r e  composites f a i le d  by th e  propogation o f a m acroscopic crack 
p erp en d icu la r to  th e  te n s i le  axis w ith  lim ite d  lo n g itu d in a l s p l i t t i n g ,
F ig. 20. Although th is  type o f f ra c tu re  i s  o ften  termed ’b r i t t l e ’ , th e  
f ra c tu re  su rfaces  rev ea l s u b s ta n tia l  f ib re  p u l l -o u t ,  and in  th i s  in s ta n c e  
b r i t t l e n e s s  re fe r s  to  the f a c t  th a t  the f a i lu r e  i s  sudden and c a ta s tro p h ic ,  
■rather than p ro g ress iv e .
This f a i lu r e  i s  ty p ic a l  o f r e la t iv e ly  high modulus carbon- 
f ib re s  w ith  good adhesion to  the  m atrix . G la ss-fib re  composites f a i l e d
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mode which involved much s p l i t t i n g  p a r a l l e l  to  th e  f ib r e s ,  F ig . 21.
T yp ica lly  the s p l i t t i n g  f i r s t  occurred a t  bundles o f m isaligned f ib r e s ,  
and ra p id ly  accumulated throughout the gauge leng th  lead ing  to  u ltim a te  
f a i lu r e .  Such f a i lu r e s  are c h a ra c te r is t ic  of r e la t iv e ly  h igh e longation  
f ib re s  w ith  low adhesion to  th e  m atrix .
The f a i lu r e  s t r a in s  and s tre s s e s  o f a l l  the  s in g le  f ib re  type 
composites a re  included  in  Table 4, and i t  i s  seen th a t  bo th  ca rb o n -fib re  
and g la s s - f ib r e  composites have comparable f a i lu r e  s t r e s s e s ,  ( ^ 1 . 2  GPa) 
since  the  h ig h er modulus o f th e  ca rb o n -fib re  compensates fo r  i t s  lower 
elo n g atio n .
The most s ig n i f ic a n t  r e s u l t  from th ese  te s t s  i s  th a t  the  f a i lu r e  
s t r a in  o f  th e  ca rb o n -fib re  composites i s  a fu n c tio n  of lam inate th ic k n e ss , 
whereas th a t  o f th e  g la s s - f ib r e  lam inates i s  apparen tly  co n stan t over th e  
same th ickness range. To p re se n t th is  r e s u l t  more c le a r ly ,  the  f a i lu r e  
s t r a in  o f a 12-p ly  ca rb o n -fib re  lam inate has been taken as a s tan d a rd , 
and the d iffe ren ce s  o f th e  f a i lu r e  s tr a in s  of th e  o th er lam inates from 
th is  s tandard  are p resen ted  as percentages in  Table 4, and p lo t te d  ag a in s t 
D and Pc in  F ig . 22. The f a i lu r e  s t r a in  f a l l s  approxim ately ex p o n en tia lly  
by about 20% fo r  each h a lv ing  o f the  lam inate th ick n ess . This behaviour 
i s  termed the S i z e  E f f e c t .
Tne A-E ra te  tra c e s  fo r  th e  two f ib re  ty p es, F ig s. 23, 24 have 
s im ila r  forms and r i s e  to  comparable le v e ls  a t  f a i lu r e ,  b u t in  th e  case o f 
the ca rb o n -fib re  composite th e  whole tra c e  (0  -  0 .0 1  s t r a in )  i s  accommodated 
w ith in  one th i rd  o f th e  s t r a in  to  f a i lu r e  o f th e  g la s s - f ib r e  composite (0 .0 3 ). 
C arbon-fibre f a i lu r e s ,  and m atrix  cracking are the two m ajor sources o f  
aco u s tic  em issions, and are d iscussed  fu r th e r  in  se c tio n  2-3-11. Damage to  
the specimen in  the In s tro n  wedge g r ip s , (th e  m ajor e x te rn a l source o f A-E) 
has been v i r tu a l ly  elim ated  by the  use o f s o f t  A1 a llo y  end ta g s . In  th e  
range 0 - 0 . 0 1  s t r a in  the low le v e l of A*E from th e  g lass  f ib re  specimens 
i s  m ainly from m atrix  f a i lu r e ,  so over the same s t r a in  range th e  much 
h ig h er A-E from -the ca rb o n -fib re  specimens must be a sso c ia ted  w ith  the 
carbon f ib re s  o r d i f f e r e n t  in te r fa c e  behaviour. There i s  s u b s ta n t ia l  
evidence from microscopy th a t  th i s  A-E o r ig in a te s  in  the f a i lu r e  and 
subsequent debonding o f the carbon f ib r e s .
2-3-4 F a ilu re  s t r a in  and mode o f f a i lu r e  o f lam inated hybrids
As the  s t r a in  ap p lied  to  the  lam inated hybrids ivas in c re a se d ,
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is  shown schem atica lly  in  F ig. 25 in  which a tra n sv e rse  crack extends the 
f u l l  w idth and th ickness o f  th e  carbon-p ly , noimal to  th e  te n s i le  a x is .
Where th i s  tra n sv e rse  crack meets th e  g lass  p l ie s  th e re  are  delam inations 
along th e  in te r fa c e  in  both  d ire c tio n s  fo r  a d is tan ce  L^.
The len g th  o f these  delam inations depends c r i t i c a l l y  upon th e  
sandwich geometry, as can be seen in  Table 4, and ranges from about 3 mm 
fo r  one lam in a-th ick  ca rb an -p lie s  to  over 100 mm (g re a te r  than th e  gauge 
length) fo r  th ic k e r  carbon p l i e s .  The delam ination leng th  decreases as 
D i s  in c reased  and reduced. The fa c to rs  d e te im n g  th e  ex ten t o f 
delam ination a re  considered in  d e ta i l  in  s e c tio n  2-3-6 .
The tra n sv e rse  crack has a cruciform  c ro s s -s e c tio n , F ig. 26, 
which suggests th a t  the crack f ro n t i n i t i t i a t e s  near th e  c e n tra l  p lane 
o f th e  carbon-p ly , and propogates sim ultaneously  through th e  th ick n ess  
and across the w idth o f the p ly . A consequence o f  the cruciform  crack i s  
th a t  sm all volumes of carb o n -fib re  com posite, tra n g u la r  in  cross s e c tio n , 
remain a ttach ed  to  the  g lass  p l i e s ,  and tra c e  th e  path  o f  the tra n sv e rse  
f ra c tu re .  This i s  seen c le a r ly  in  F ig. 25 and th e  scanning e le c tro n  
m icrograph F ig . 27, which shows the sh o rt leng ths o f ca rb o n -fib re  adhering 
to  a delam inated g la s s -p ly . The tra n sv e rse  crack a lso  branches to  a 
lim ited  extend across the w idth of the  carbon-p ly , F ig. 28, in d ic a tin g  
the probable d ire c t io n  o f the  f ra c tu re .
The f i r s t  f a i lu r e  o f the  carbon-ply was d e tec ted  v is u a lly  by the  
appearance o f delam inations, which appeared l ig h te r  than surrounding undamaged 
lam inate , and by the aud ib le  'p in g 1 which accompanied the  f ra c tu re .  The 
’p in g ’ was a lso  d e tec ted  by the  A*E m onitoring system , b u t made an 
in s ig n if ic a n t  c o n tr ib u tio n  to  the count in  th e  most s e n s i t iv e  channel, and 
could n o t be r e l ia b ly  d is tin g u ish ed  from occasional p u lses  a r is in g  from 
g rip  s lip p a g e , and end-tag  debonding in  the  le s s  s e n s i t iv e  channels.
The s t r a in  a t  which the f i r s t  carbon-ply  f a i lu r e  occurred was 
n o t co n s ta n t, b u t was found to  be dependent on lam inate geometry. D e ta ils  
fo r  HTS- and HMS-carbon/glass hybrids are given in  Table 4. The more 
h igh ly  d isp e rsed , and lower carbon f ra c t io n  hybrids have h ig h e r carbon-p ly  
f a i lu r e  s t r a in s ,  and th is  v a r ia t io n  has been termed the  Hybrid E f fe c t .
The Hybrid E ffe c t can be expressed as a percentage in c rease  in  f a i lu r e  
s t r a in  in  comparison w ith  a s tan d ard  ca rb o n -fib re  lam inate c o n s is tin g  o f 
12 laminae (as was done fo r  the S ize E f f e c t ) , and ,is l i s t e d  in  Table 4,
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E ffe c t in  HTS-carbon/glass hybrids i s  ~ 3 5 l ,  and fo r  HMS-carbon/glass 
h y b rid s , ~  45%.
The m u ltip le - la y e r  h y b rid s , based on rep ea t u n its  o f (1 g lass  
lam ina, 1 carbon lamina) and (2 g lass  lam inae, 2 caibon lam inae), fa iled - 
in  a s im ila r  manner, and showed Hybrid E ffe c ts  comparable w ith  the 3 -la y e r  
hybrids o f equal p ly  th ickness and carbon ra tio  , see Table 4 and F ig . 22.
The purpose o f these  hybrids was to  dem onstrate the  g e n e ra lity  o f  th e  Hybrid 
E ffe c t when th e  b a s ic  3 - la y e r  co n stru c tio n  was extended to  more r e a l i s t i c  
lam inate th ick n esses . The m u ltip le - la y e r  co n s tru c tio n , however, com plicated 
the d e te c tio n  and lo c a tio n  o f cracks in  the in n e r c a rb o n -p lie s , and 
in troduced  the  p o s s ib i l i ty  o f in te ra c t io n  between ca rb o n -p lie s , and fo r  
th is  reason only a lim ite d  number were fa b r ic a te d .
The HMS-carbon/HTS-carbon h y b rid , (8 HTS, 1 HMS, 8 HTS lam inae), 
f a i le d  in  a b r i t t l e  manner l ik e  the  all-HMS-carbon ( f a i lu r e  s t r a in  0.0069) 
and all-H TS-carbon lam inates, w ithout delam ination between p l ie s .  The 
f a i lu r e  occurred a t  0.0086 s t r a in ,  which i s  le ss  than th a t  o f a 1 2 - 
laminae all-H TS-carbon lam inate (0 .012 ), showing th a t  the  in tro d u c tio n  of 
HMS-carbon-fibre in to  H TS-carbon-fibre composite has an e m b ritt l in g  e f f e c t .  
This can be expressed as a 25% hybrid  e f f e c t  w ith  re sp e c t to  an a l l  HMS 
f ib re  lam inate , which i s  s l ig h t ly  under h a l f  th a t  obtained  w ith  HMS f ib re  
in  a carbon /g lass  hyb rid  o f s im ila r  c o n stru c tio n . This r e s u l t  i s  tech n o l­
o g ic a lly  im portant because any ad d itio n  of HMS-carbon f ib re  to  an HTS-carbon 
f ib re  composite fo r  s t i f f e n in g  purposes i s  l ik e ly  to  e m b rittle  the  m a te r ia l. 
In the lam inate te s ted , 6% o f HMS f ib re  degraded th e  HTS f a i lu r e  s t r a i n  by 
251.
The measured range o f delam ination leng ths i s  r a th e r  la rg e , 
from se v e ra l m illim e tre s  to  g re a te r  than the  gauge len g th , and in  th i s  
l a t t e r  case continued loading of th e  com pletely delam inated specimen a f t e r  
the  carbon-ply  f a i lu r e  re su lte d  only in  f a i lu r e  o f the  rem aining g lass  
p l ie s  a t  t h e i r  u ltim a te  s tre n g th , and the  carbon-ply had no fu r th e r  
in flu en ce  on the  load carry in g  capacity  o f the  lam inate. When the  
delam ination leng th  was le ss  than the  gauge len g th , fu r th e r  s tr a in in g  
a f te r  the i n i t i a l  carbon-ply f a i lu r e  re su lte d  in  only lim ite d  growth o f 
the  delam ination , b u t fu r th e r  f ra c tu re s  occurred a t  random p o s itio n s  in  
the rem aining bonded p o rtio n s  o f the  specim en.. These m u ltip le  f ra c tu re s  
o f the carbon-ply  and th e i r  a sso c ia ted  delam inations are  c le a r ly  seen in  
Fig. 29, and the  development o f m u ltip le  .cracking can be follow ed in  the
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io a a /s t r a in  cu rves, .big. 5U (^ aj -  C<A); which show a load drop a t' each 
successive  f ra c tu re .  In  the  reg ion  o f th e  carbon-ply f ra c tu re s  the  
g la s s -p lie s  ca rry  in c reased  load , and have h ig h er s t r a in ,  b u t because 
th e  specimen leng th  is  f ix e d  a t  any in s ta n t  during the t e s t ,  th e  in creased  
g la ss -p ly  e longation  a t  carbon-ply f ra c tu re  causes a load drop. The 
a c tu a l form of the  lo a d /s t r a in  tra c e  a t  th e  load drops depends on the  
p o s it io n  o f th e  s t r a in  gauge in  r e la t io n  to  the  delam inated a reas . . As 
Pc i s  reduced th e  magnitude o f th e  load drop i s  decreased, and a lso  
d ec reases, p e rm ittin g  a g re a te r  number o f carbon-ply f a i lu r e s .  Successive 
carbon-ply  f a i lu r e s  g en e ra lly  occurred a t  su ccess iv e ly , b u t only 
m arg in a lly , h ig h e r  loads. O ccasionally  a l a t e r  f ra c tu re  occurred a t  a 
lower s t r a in  than  those preceding  i t ,  im plying th a t  e a r l i e r  f ra c tu re s  
had damaged th e  carbon-ply . U ltim ate ly  most o f the  hyb rid  became 
delam inated, and i t s  s tre n g th  and s t i f f n e s s  approached th a t  o f  the  g la ss  
p l ie s  alone. During continued s tr a in in g  the lengths o f th e  delam inated 
areas e i th e r  remained co n s tan t, o r  in c reased  s l ig h t ly  to  ev en tu a lly  
s ta b i l i z e  a t  some value which appears to  be c h a r a c te r is t ic  o f th e  lam inate 
geometry. As m u ltip le  cracking developed th e  bonded areas were reduced, 
and as they became comparable in  leng th  to  the  delam inated areas i t  was 
n o tic ea b le  th a t  the  carbon-ply f a i le d  p r e f e r e n t ia l ly  midway between 
delam inated a reas . -When th is  occurred the c h a r a c te r is t ic  delam ination  
leng th  was o ften  somewhat reduced, and th e  de lam inations r a re ly  ran 
in to  each o th e r and coalesced . • There i s  ty p ic a l ly  50% s c a t te r  in  measure­
ments o f Ljp and th e  values in  Table 4 are the  average o f th e  many delam ina­
tio n s  in  a m u ltip ly  -cracked specimen.
The p r a c t ic a l  s ig n if ic a n c e  of th ese  observations is  th a t  the i n i t i a l  
f ra c tu re  in  th e  carbon-ply  does no t propagate through th e  g la s s - p l ie s ,  b u t 
i s  contained by the  de lam ination a t  the ca rb o n /g lass-p ly  in te r fa c e . The 
delam inated zone i s  a lso  r e s t r i c t e d ,  and th is  im plies th a t  load can be 
p ro g ress iv e ly  d iffu se d  back in to  the  carbon-p ly , so th a t  away from the  
f ra c tu re  zone the  carbon-ply  remains capable o f bearing  load. This 
t r a n s f e r  o f load  from the g la s s -p lie s  back in to  the carbon-p ly , in  and 
around th e  delam inated reg io n , is  e s s e n t ia l  to  th e  p ro g ressiv e  m u ltip le -  
cracking type o f  f a i lu r e  which could be an a t t r a c t iv e  fe a tu re  o f h y b rid s .
The delam ination between p l ie s  i s  o f  p r a c t ic a l  importance bacause i t  
d r a s t ic a l ly  reduces the  s tre n g th  o f  a lam inate in  sh ea r, o r  through­
th ick n ess  te n s i le  load ing , and may propagate rap id ly  in  th ese  co n d itio n s  
re s u l t in g  in  complete sep ara tio n  o f  th e  p l i e s .  For th ese  reasons i n t e r ­
face fo rces have been s tu d ied  in  d e ta i l  in  se le c te d  hybrids u sing  la s e r  
moire s t r a in  measurement, and have been estim ated  from delam ination
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2-3-5 Model fo r  the  mechanism o f load t r a n s f e r  between p l i e s  in  the 
f a i lu r e  zone o f lam inated hybrids
The previous se c tio n  has h ig h lig h te d  the  importance o f load 
tr a n s f e r  between p l ie s  around the  carbon-ply f ra c tu re . The purpose o f • 
the  n ex t two se c tio n s  i s  to  p re se n t the models fo r  th e  mechanisms o f 
load t r a n s f e r  and delam ination which have la rg e ly  determ ined the  
d ire c tio n  o f subsequent experim ental work.
At th is  s tag e  i t  i s  ap p ro p ria te  to  make some p re lim in ary  deduc­
tio n s  about load t r a n s f e r  in  the  delam inated zone. Consider a h y b rid - 
lam inate which f a i l s  by the  mechanism dep ic ted  in  Fig. 25 When the  
carbon-ply  f a i l s ,  the  sh ear s t r e s s  concen tra tion  on the in te r fa c e  between 
carbon and g lass  p l ie s  causes the i n i t i a t io n  o f delam inations which are 
e f fe c t iv e ly  sh ear cracks in  Mode I I  load ing . Now, i f  th e re  i s  no shear 
fo rce  ac tin g  a t  the delam inated in te r f a c e ,  the loads in  th e  g la s s -  and 
carb o n -p lies  w i l l  be equal a t a l l  p o s itio n s  in  the delam inated reg io n s , so , 
w ith  a constan t load on the  h y b rid , th e  s t r e s s  in te n s i ty  a t  the  de lam ination  
crack t ip  w i l l  be the  same whatever the leng th  o f  the crack . (This i s  only 
tru e  when the crack t ip  s t r a in  f ie ld  i s  sm all compared w ith  th e  leng th  o f 
de lam ination , and th is  is  so fQr most lam inated hybrids where th e  p ly  
th ickness i s  much le s s  than the  delam ination len g th .)  The consequence o f 
a crack t i p  s t r e s s  in te n s i ty  which does n o t decrease as the  crack leng th  
in c reases  i s  th a t  delam inations would be u n s tab le  and propagate co n tin ­
uously a t  some c r i t i c a l  app lied  load . In  c o n tra s t to  t h i s ,  th e  debond 
leng th  s ta b i l i s e s  a t  some value c h a r a c te r is t ic  o f th e  lam inate geometry.
This in d ic a te s  th a t  as the de lam ination grows, some mechanism opera tes  to  
decrease the  crack  t i p  s tr e s s  in te n s i ty  to  below some lower c r i t i c a l  value  
when the  delam ination becomes s ta b le .  The most obvious mechanism is  
some f r i c t i o n a l  (o r o ther) s h e a r- s tre s s  ac tin g  across the  in te r f a c e  to  
t r a n s f e r  load  from the  g la s s -p lie s  back in to  th e  carbon-ply . This reduces 
th e  d iffe re n c e  in  s t r a in  between the in n er and o u te r p l i e s ,  and reduces 
the crack t ip  sh ear s tr e s s  in te n s i ty .  In  deducing th is  th e  ap p lied  load  
has been assumed c o n s tan t, whereas in  p ra c tic e  th e re  i s  a load drop when 
the carbon-ply  f a i l s .  However th is  assumption i s  j u s t i f i a b l e  because th e  
de lam inations have a s ta b le  leng th  even when the load i s  in c reased  again  to  
the value a tta in e d  immediately b efo re  f ra c tu re  occurred.
In  ad d itio n  to  the  shear fo rces a t the d e lam in atio n s, th e re  i s  
evidence fo r  shear fo rces ac tin g  in  the  bonded reg ion  beyond th e  crack  t i p .  
The f a c t  th a t  the  carbon-ply f a i lu r e s  ra re ly  occur c lose to  th e  delam ination
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p ly  i s  below the  average value fo r  th e  p o r tio n  s t i l l  bonded. This i s  
expected, because w hether o r n o t th e re  i s  a sh ear fo rce  a t  the  delam ina- 
t io n , a t  the  crack t i p ,  the load in  the carbon-ply  w i l l  n o t r i s e  as a 
step, b u t w il l  b u i ld  up by shear lag  over some sh o rt d is tan ce  which depends 
on the  cap ac ity  o f th e  m atrix  to  t r a n s f e r  load  by e l a s t i c  or p l a s t i c  shear 
deform ations. The la s e r  moire technique was used to  measure su rface  s t r a in s  
from which load  t r a n s f e r  r a te s  fo r  the  two regions could be deduced.
F r ic tio n  i s  an obvious mechanism by which load could be tra n s fe re d  
between delam inated p l i e s , b u t req u ire s  th a t  the  two su rfaces  remain in  
p h y s ica l co n tac t. Whether th is  i s  so depends on the r e la t iv e  Poisson 
co n trac tio n s  through the th ickness o f each p ly  befo re  and a f te r  cafbon-ply  
f ra c tu re .  Using a sim ple model fo r  a 3 - la y e r  h y b rid , wdth a th in  c e n tra l  
cafbon-ply , the  in te r fa c e  sep a ra tio n  can be c a lc u la te d  as a function  o f the  
s t r a in  in  the bonded p o rtio n  o f th e  h y b rid , and the  r e la t iv e  Young’s moduli 
o f  the p l ie s .  The c a lc u la tio n  assumes th a t  the cen tre -p lan es  o f  the  g la s s -  
p l ie s  remain p lane and p a r a l le l  fo r  the whole o f  th e  gauge len g th . (The 
high te n s i le  loading l im its  bending o f p l i e s . )  F ig. 31 i l l u s t r a t e s  the 
through th ickness Poisson co n trac tio n s  fo r  the  bonded and delam inated areas 
in  r e la t io n  to  an unloaded specimen. I f  i t  i s  assumed th e re  i s  no f r i c t i o n ,  
the carbon-ply in  the  delam inated area  c a r ie s  no load . A ll c ro ss -se c tio n s  
ca rry  equal load , so th is  defines the  load  in  each p ly . The Poisson con­
tra c tio n s  are c a lc u la te d  from th e  lo n g itu d in a l s t r a in s  o f each p ly , and give 
the sep a ra tio n  At o f the p l ie s  a t  each delam ination as
At = £ k w  ^  _  1 \  C'=0
2  \  2- E cj
Where E , E are  lo n g itu d in a l Young’s M o d u li,^  and Y are th e  lo n g itu d in a l S c g c
P o isso n s’ r a t io s  fo r  g lass  and carb o n -p lies  re sp e c tiv e ly , and where t  i s  
the carbon-ply  th ic k n ess , and the s t r a in  in  the banded p o r tio n  o f th e  
hyb rid . This p re d ic ts  th a t ,  fo r  p l ie s  o f equal P o isso n s’ r a t io ,  the  i n t e r ­
face sep a ra te s  i f  the in n er to  o u te r-p ly  modulus ra tio n  exceeds %.
For the lam inated hybrids w here:- ^  ° '
^ , I 32 C HKS j . G -^
£ c  >  3  cu-noI tta** At i* po&ibioe
the in te r fa c e  should sep a ra te .
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gives an in te r fa c e  se p a ra tio n  o f  0 .1 / m  fo r  every p re -p reg  in  the  carbon- 
p ly . Even fo r  the. th ic k e s t  ca rb o n -p lies  te s te d ,  th is  sep a ra tio n  i s  an 
order of magnitude le ss  than both  the f ib re  d iam eter, and the  ty p ic a l  
roughness o f the  delam ination su rface  which is  about 10/A m , so s ig n if ic a n t  
f r i c t io n  between th e  p l ie s  i s  s t i l l  expected. U n fo rtunate ly , because of 
th is  in te r f a c ia l  sep a ra tio n  i t  i s  n o t p o ss ib le  to  c a lc u la te  simply a 
normal fo rce  from which to  estim ate  th e  f r i c t io n a l  fo rc e , and in  th is  
s i tu a t io n  the  f r i c t io n  w i l l  depend on the f ra c tu re  d eb ris  and unbroken 
f ib re s  which b ridge  the  delam ination.
2-3-6 Factors a f f e c t in g the  e x te n t o f  delam ination in  lam inated hybrids
In  th is  s e c tio n  a model i s  developed fo r  the  energy changes 
during delam ination , based on sim ple assumptions about the  load t r a n s f e r  
between p l i e s .  The model p re d ic ts  the  ex te n t o f  delam ination , and i s  
f i t t e d  to  experim ental d a ta  fo r  lam inated hybrids to  provide es tim ates  o f 
the  in te r fa c e  f r i c t io n  and delam ination energy. The an a ly s is  shows these  
two param eters to  be major fa c to rs  c o n tro llin g  delam ination. Because th i s  
is  an im portant p r a c t ic a l  co n s id e ra tio n  in  the  use o f lam inated h y b rid s , i t  
has been in v e s tig a te d  more fu l ly  using  th e  la s e r  moire technique fo r  s t r a in  
v is u a l is a t io n ,  which a lso  allows the  load t r a n s f e r  across the delam inated 
in te r fa c e  to  be estim ated .
The b a s ic  assumption o f the  model i s  th a t  load  i s  t ra n s fe r re d  
from the  g la s s -p lie s  back in to  the  carbcn-ply  by a uniform  f r i c t i o n a l  
s tr e s s  a c tin g  a t  the delam inated in te r f a c e .  This gives r i s e  to  a l in e a r  
in c rease  in  load in  the carbon-ply w ith  d is tan ce  from th e  tra n sv e rse  
f ra c tu re ,  shown schem atically  in  F ig . 32. As th is  load in c reases  the load  
in  the g la s s -p ly  must decrease to  m aintain  a constan t load  on a l l  c ro ss -  
sec tio n s  .
At the  t ip  o f the  delam ination crack the  shear s t r e s s  a t  th e  
bonded in te r f a c e  i s  assumed to  be s ig n i f ic a n t ly  h ig h er than the f r i c t i o n a l  
s tr e s s  on account o f the  sm alle r amount o f m a te r ia l supporting  the  sh e a r, 
and th is  gives r i s e  to  the load s te p .
The energy changes are considered  fo r  an in f in i te s im a l  in c rea se  
in  the delam ination  leng th  dx. The carbon-ply load a t any p o in t ,  x 
d is ta n t  from th e  tra n sv e rse  f r a c tu re ,  i s  2 ^ x  where Tf i s  the f r i c t i o n a l  
s tr e s s  ac tin g  on each s id e . The sum o f the cafbon-ply and g la s s -p ly  loads 
on any se c tio n  o f th e  delam inated reg ion  equals the t o t a l  load on th e  h y b rid .
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(where s t i f f n e s s  S is  defined  as th e  product o f the modulus and th ickness 
o f the  re sp e c tiv e  components, S = E t ) . From t h i s : -
= £ k V  -  ' O V - i E  c , s )
s3 S,
The s t i f fn e s s e s  o f a l l  th re e  p l ie s  a c t in  p a r a l le l
Sh = Sg + s c o o
Because the ex tension  i s  in f i te s im a l  th e re  i s  no load drop, and the  change 
in  carbon-ply s t r a in  energy fo r  the leng th  dx is
J. £ /  S  olsc- — -L £  d z c
2 2 c (a)
S im ila rly  fo r  the g la ss -p ly  the s t r a in  energy change i s  
2. c  ^ r
{  ^  ~~ i i  $ -■ ^  cb)
The work o f delam inating leng th  dx is
2 b (c)
where i s  the energy to  delam inate u n i t  a rea  o f in te rfa c e ,
As the  de lam ination extends dx th e re  i s  a r e la t iv e  displacem ent 
o f g la s s -  and carb o n -p lies  o f (£ -  £ )dx ag a in s t th e  t o t a l  f r i c t io n a lo ^
fo rce  tra n s fe r r e d  to  the carbon-p ly , 2 T^x. The f r i c t io n a l  work done i s  
- 2 ^  ) <** (d)
When the delam ination extends dx, th e re  i s  an o v e ra ll ex tension  
of th e  hyb rid  o f (E. - £ ^ ) d x ,  a t  constan t load , which does work.
( £ < , - £ , )  S h (e)
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rox ct aeiaininanion wmcn i s  long m  comparison w itn  tne  p ly -  
th ick n e ss , the changes in  sh ear d e fo l ia tio n  are sm all, and the  changes 
in  shear s t r a in  energy w i l l  be n e g lig ib le  in  comparison w ith  those in  
lo n g itu d in a l s t r a in  energy, and may be ignored. For s t a t i c  equ ilib rium  
the t o t a l  energy change is  zero . Therefore
(a) + (b) + (c) + (d) + (e) = 0 ,
and s u b s t i tu t in g  o f e q . ( /3  ) and eq. ( /4- ) fo r  £. and throughout 
y ie ld s .
where ^  ^ s" ) (square ro o t o f s e r ie s  s t i f f n e s s  o f
carbon and g la s s -p lie s )
The ap p ro p ria te  so lu tio n  fo r  th e  s ta b le  de lam ination  leng th  i s
l d -  s c  -  os-)
Z Z {
De lam ination  i s  p o ss ib le  only when i s  p o s i t iv e ,  a n eg a tiv e  
value im plies th a t  a d d itio n a l energy is  req u ired  to  propagate th e  f r a c tu re .  
The e x ten t o f  delam ination i s  in v e rse ly  p ro p o rtio n a l to  the  f r i c t i o n a l  
shear s t r e s s ,  and i s  expected to  be com pletely suppressed when
<£/, -$>c. ^  2 / 2  ^ 2 The teim  2 /2  X^  rep re sen ts  the  minimum 
load (per u n i t  width) , in  th e  carbon-ply in  the  bonded p o rtio n  o f  a h y b rid , 
fo r  which delam ination i s  e n e rg e tic a lly  p o ss ib le .
From Table 4 i t  i s  seen th a t  only hybrids w ith  a th in  carbon-
p ly  c o n s is tin g  o f a s in g le  p re -p reg  c o n s is te n tly  con tain  delam inations
s h o r te r  than the gauge len g th , b u t s ix  o f th ese  lam inates have been te s te d ,  
and the  r e s u l ts  f i t t e d  to  expression  ( fS ) .  The values o f measured 
are the  eq u ilib riu m  delam ination lengths a t  the  carbon-ply f a i lu r e  s t r a in  
^ cu- Replacing £  ^ by £. in  eq. (as*) and d i f f e r e n t ia t in g  y ie ld s
^  / d  £ c <u ^  \ ^  2
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Over the  range o f /2> considered and are  approxim ately
d P  d p
c o n s tan t, and have been evalua ted  g ra p h ic a lly  from Fig. 33 and F ig . 34.
The values o f and a t /S  = 0 have a lso  been taken from th ese
f ig u re s . When = 0 expression  ( /s ) reduces to  LD = Sc- ,
and s u b s t i tu t io n  o f £ qu and gives z X f
'Zf ^ O'Sl M?o.
S u b s titu tio n  o f th ese  values in to  expression  (16 ) y ie ld s
Jk  = - 4  •
These reus I t s  are  examined more c r i t i c a l l y  in  Chapter 3 , b u t in  
passing  i t  should be no ted  th a t  the  Xf value i s  very much le s s  than 
ty p ic a l  lam inate in  t e r  lam inar sh ear s tren g th s  obtained  in  th e  short-beam  
shear t e s t ,  40 -  60 MPa.
2-3-7 Laser moire an a ly s is  o f lam inated hybrids
The an a ly s is  o u tlin e d  in  the  previous se c tio n  ra is e d  a number 
o f questions which i t  was hoped could be answered by high re so lu tio n  
measurement o f  s t r a in  a t  the delam ination . The la s e r  moire tech n iq u e , 
developed a t  the  M ate ria ls  Department of th e  Royal A irc ra f t  E stab lish m en t, 
provides th is  c a p a b il i ty , and w ith  th e i r  co -operation  two s e r ie s  o f hyb rid  
lam inates were examined. The f i r s t  s e r ie s  was th re e  hybrids w ith  a s in g le  
p re -p reg  carbon-p ly , s e le c te d  to  cover a range o f L^, bu t the  i n t r i n s i c  
v a r ia b i l i ty  o f th e i r  f a i lu r e s  prompted fu r th e r  work on a s e c o n d 'se r ie s  o f  
h y b rid s. These contained  discontinuous carb o n -p lies  in  o rd er to  model 
carbon-ply  tra n sv e rse  f ra c tu re s .
The aim o f the  la s e r  moire an a ly s is  was to  t e s t  the v a l id i ty  o f 
assumptions made in  th e  model in  se c tio n  2-5-6. Namely:-
i)  Is  the  model c o r re c t  in  assuming a load s tep  a t the delam ination  crack- 
t i p ,  and how does the shear s t r e s s  here compare w ith  the f r i c t i o n a l  s t r e s s
i i )  The model assumes sh ear deform ations are n e g lig ib le  fo r  delam inations 
which are long in  comparison w ith  th e  p ly -th ic k n e ss . For how s h o r t  a 
delam ination i s  th is  ju s t i f ie d ?
i i i )  T  ^ has been determ ined in d ire c t ly  over a l im ite d  range o f d isp e rs io n
j  r-i-V'A W O.V |-/ J. VUiU VAi J /^XXWf J~ Ui-XV-/ CX^ X^XJii^  UJ^ UiX UIO U
i s  a m a te r ia ls  constan t confirmed by independent measurement?
iv) Is  the la rg e  s c a t te r  in  p rim a rily  a consequence o f poor co n tro l 
of p ly -th ick n ess?
v) Is  th e re  s ig n i f ic a n t  ’s t i c k - s l i p ’ behaviour in  the p ropagation  o f 
de lam in a tio n s , and i f  so , how i s  in fluenced  by dynamic e f fe c ts  a t  the  
time o f carbon-ply  f ra c tu re ?  How does the s t r a in  d is t r ib u t io n  change 
between the  a r r e s t  and re-p ro p ag atio n  o f delam inations?
These questions are d iscussed  fu r th e r  in  Chapter 3.
The la s e r  moire technique i s  w e ll described  in  r e f s .  (56-59) , 
and i s  only summarised h e re . The major s t r a in s  in  th e  t e n s i le  t e s t  are 
lo n g itu d in a l, and because de lam ination  extends across the  w idth o f the  
specimens tra n sv e rse  s t r a in s  were o f secondary in te r e s t .  Consequently 
the technique could be considerab ly  s im p lif ie d  by measuring only s t r a in s  
in  the f ib re  d ire c t io n ,  which by symmetry i s  a p r in c ip a l  a x is . The la s e r  
moire se t-u p  i s  shown schem atica lly  in  Fig.. 55. The specimen i s  s tr a in e d  
in  a H ounsfield  tensom eter mounted on th e  o p tic a l  bench which c a r r ie s  the  
o th e r o p tic a l  components in  o rder to  minimise r e la t iv e  movements. Two 
co llim ated  la s e r  beams (~ 5 0  mm diam eter) are generated  from the  f i l t e r e d  
output o f  an argon-ion la s e r .  These converge onto the  specimen c re a tin g  
Young’s f r in g e s  in  the  volume of t h e i r  overlap . The fr in g e s  are recorded  
by a b lu e -s e n s i tiv e  p h o to - re s is t  coating  on th e  specimen s u rfa c e , which is  
developed to  remove r e s i s t  in  p ro p o rtio n  to  th e  exposure rece iv ed . This 
c rea te s  undu la tions which a c t  as a phase g ra tin g . In  p ra c t ic e  a sm all 
p r e - s t r a in  i s  app lied  to  the  specimen to  ensure i t s  c o r re c t alignm ent during  
the exposure. When the specimen is  rep laced  in  th e  tensom eter and i l l u ­
m inated by th e  la s e r  beams co inc iden t d if f r a c te d  orders a re  generated . 
S p e c if ic a lly , th e  f i r s t  o rder d if f r a c t io n  o f  the secondary in c id e n t beam 
coincides w ith  the  zero o rder d if f r a c t io n  ( s t r a ig h t  r e f le c tio n )  o f the 
prim ary in c id e n t beam, and these  two beams are captured  by the camera,
Fig. 35. When th e  specimen i s  s tr a in e d , the  phase o f the  f i r s t  o rder 
d if f r a c t io n  i s  changed by the change in  dimension o f th e  g ra tin g  on th e  
specimen, b u t the zero o rd er d if f r a c t io n  remains unchanged. In te rfe re n c e  
between th ese  two beams c rea tes  moire frin g es  which are recorded by the  
camera. The maximum frin g e  c o n tra s t  is  ob ta ined  when the  two in te r f e r in g  
orders are o f equal in te n s i ty ,  and th is  i s  achieved by c a re fu l m onitoring  
of th e  g ra tin g  depth during development. The moire frin g es  re p re se n t 
contours o f  equal in -p lan e  displacem ent in  a d ire c tio n  normal to  the  
g ra tin g  l in e s .  The d iffe ren ce  in  displacem ent between ad jacen t f r in g e s  
i s  th e  g ra tin g  spacing , so the s t r a in  normal to  the  g ra tin g  i s  given by
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For bo th  s e r ie s  o f  specimens the  g r id  spacing was 2 ,53^m .
I t  should be remembered th a t  th e  frin g e  p a t te r s  show su rface  s t r a in s ,  and 
i t  i s  v a l id  to  assume un ifo rm ity  through the  o u te r-p ly  th ickness only when 
the s t r a in  g rad ien ts  are  sm all.
work are summarised in  Table 5. S erie s  1 and 2 specimens were o f s im ila r  
design to  F ig. 2 (a) (b) re sp e c tiv e ly . S e rie s  1 i s  considered  f i r s t .
During loading the  fr in g es  were s t r a ig h t ,  p a r a l l e l ,  and evenly spaced 
normal to  th e  te n s i le  axis showing un ifo rm ity  o f s t r a in .  F igs. 36 -  38 
show the fr in g e  p a tte rn s  im mediately a f t e r  f a i lu r e ,  and a t  two lower loads 
during unloading a f t e r  f a i lu r e ,  fo r  specimens A, B, C, re sp e c tiv e ly . The 
lo n g itu d in a l s t r a in  derived  from the fr in g e  frequency along th e  specimen 
cen tre  l in e  i s  shown in  F igs. 39 -  41. The boundaries o f th e  v is ib ly  l ig h te r  
delam inated a rea  are in d ic a te d , b u t the  carbon-ply  f ra c tu re  could n o t be 
p re c is e ly  lo ca te d . In  the  bonded areas o f the  specimens the  su rface  s t r a in  
i s  uniform , r is in g  over about 5 mm in  the  reg ion  o f the  delam ination  crack- 
t i p ,  to  a h ig h e r value, which is  approxim ately constan t over the delam inated 
zone. Cn unloading  a f te r  m u ltip le  cracking th e  s t r a in  d is t r ib u t io n  remained 
s im ila r ,  being  reduced in  p roportion  to  th e  app lied  load . When unloaded to  
the p r e - s t r a in  a t  which the  g ra tin g  was recorded, no re s id u a l s t r a in  could 
be observed.
The expected r a t io  o f maximum g la ss -p ly  s t r a in ,  (which i s  found 
a t  th e  cafbon-ply  tra n sv e rse  f ra c tu r e ) ,  to  th e  app lied  s t r a in  in  th e  bonded 
hybrid  can be e a s i ly  c a lc u la te d  s in ce  a l l  c ro ss -se c tio n s  must c a rry  equal 
load . The load i s  /(S + Sc) p e r  u n i t  w id th . The g la s s -p ly
s t r a in  i s  a maximum when i t  c a r r ie s  the f u l l  load , and is
Measured s tr a in s  in  th e  hybrid  and maximum g la ss -p ly  s tr a in s  are  ta b u la te d  
in  Table 5 w ith  th e i r  observed and p re d ic te d  r a t io s .  Agreement i s  reason­
ab le , though maximum g la ss -p ly  s t r a in  i s  m arg inally  h ig h e r than  expected . 
This r e s u l t  confirms th a t  the  carbon-ply c a r r ie s  very l i t t l e  load over th e
The lay-up sequences o f a l l  lam inates used in  the la s e r  moire
rv>ax — “+■ Sc_ )
Thus 0 ?)
delam ination . In  th e  case o f lam inates A and C the r a t io
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in c reases  lO-lb^o on unload ing , and th i s  could in d ic a te  h y s te r is  due to  
f r i c t io n .
An average in te r fa c e  shear s tr e s s  can be c a lc u la te d  from the 
ra te  o f in c rease  o f  lo n g itu d in a l s t r a in  in  th e  g la s s -p lie s .  I f  a shear 
s tr e s s  X  ac ts  a t  the  delam inated in te r f a c e ,  the  r a te  of in c rease  in  carbon- 
p ly  load Pc i s
d  Po ? X   *  u where x i s  the leng th  o rd in a te
d ^  measured along the  t e n s i le  ax is
The g la ss -p ly  load P a t  any p o in t i s  the t o t a l  load minus the  . carbon-ply
o
load.
=  PA -  P  C * )
or in  terms o f s t r a in  
From th is
d£°, ^ . J- = 2j r
and J * .  H
r  = j- s ,  d
2. J (Assuming uniform  s t r a in  through the  (g^
th ickness o f  ead i ply)
G lass-p ly  s t r a in  g rad ien ts  a t  the delam ination c ra c k - tip  have 
been measured from F igs. 39 -  41, and th e  derived  values fo r  X  are  l i s t e d  
in  Table 5. S tra in  g rad ien ts  a t  th e  in te r fa c e  are d iffu sed  by the  th ic k ­
ness o f  th e  o u te r  p l i e s ,  and the  c a lc u a lte d  values of X  are averages fo r  
the  3.5 mm leng th  over which the s t r a in  g rad ien t was measured. Over th e  
delam inated a rea  th e  g la ss -p ly  s t r a in  g rad ien t i s  too sm all to  r e l ia b ly  
estim ate  a value fo r  the  p o s tu la te d  f r i c t io n a l  shear s tr e s s  . However 
i t  i s  p o ss ib le  to  s e t  an upper bound on i t s  magnitude, and th i s  i s  
included  in  Table 5.
A number o f p r a c t ic a l  d i f f i c u l t i e s  com plicated th e  a p p lic a tio n  o f 
the  la s e r  moire technique to  s e r ie s  1 h y b rid s . Random f a i lu r e  o f  th e  
carbon-ply meant th a t  sev e ra l specimens had to  be te s te d  befo re  a f a i lu r e  
occurred in  a s u ita b le  p o s itio n  w ith in  th e  a rea  illu m in a te d  by th e  l a s e r ,  
and adquately  sep ara ted  from neighbouring f ra c tu re s .  For th e  f i r s t  s e r ie s  
th e re  was no p ro v is io n  to  photograph the specimens in  normal l ig h t  to  reco rd  
the ex ten t o f delam ination w ithout the  fr in g e  p a t te rn .  The two were r e la te d  
in  the p rocessed  p r in ts  by using  dust spots in  the p h o to - re s is t  ss re fe re n c e  
p o in ts . The most se rio u s  problem was th a t  delam inations were r a r e ly  uniform
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th ick n ess o f th e  carbon-p ly , F ig. 29, com plicating th e  measurement of 
s t r a in  g ra d ien ts . .The second s e r ie s  of specimens was fa b r ic a te d  in  an 
attem pt to  reduce th ese  d i f f i c u l t i e s .  These hybrids con tained  a h a l f -  
leng th  carbon-p ly , F ig . 42, and thus modelled one h a l f  o f a s e r ie s  1 
specimen a f t e r  f a i lu r e  o f the carbon-ply . The im portant d iffe ren ce  was . 
th a t  delam ination could be in t i a te d  a t  the  end o f  the  carbon-p ly , and 
propagated as the  load was in creased . The s i t e  o f delam ination i n i t i a t i o n  
could be p o s itio n ed  conveniently  in  the  illu m in a ted  a re a , and e le c tro n ic  
f la sh  was used to  photograph th e  delam inations w ithout f r in g e s . The 
uniform  th ickness o f th e  p re -cu red  cafbon-ply gave more uniform  delam ina­
tio n s  .
F ringe p a t te rn s  and photographs o f th e  delam inations in  s e r ie s  2 
specimens are shown in  F igs. 43 - 46. For th ese  photographs the specimens 
were ro ta te d  a sm all amount about the  in c id e n t beam axis in  o rder to  t i l t  
the fr in g es  causing them to  cross th e  end o f the carbon-ply  a t  a convenient 
angle. The spacing o f the fr in g e s  across th e  w idth o f th e  specimen is  
co n s tan t, and i s  determ ined by the  ro ta tio n  ( re -a d ju s te d  in  some cases 
during loading to  m ain tain  the  a n g le ) , w hile the spacing along th e  leng th  
depends on th e  lo n g itu d in a l s t r a in  as p rev io u s ly , and i s  e s s e n t ia l ly  
unchanged by sm all ro ta tio n s  (60). The curvatu re  o f  th e  fr in g e s  i s  
th e re fo re  a s e n s i t iv e  in d ic a tio n  o f  sm all s t r a in  g ra d ien ts .
Delam ination i n i t i a t e d  as d iffu se  w hite areas a t  the  end o f  th e  
carbon-ply in  a l l  specimens except F,(which underwent m u ltip le  c rack in g ,) 
see fo r  example F ig. 43 (d ) . With continued loading the  delam ination  grew 
in  a c o n tro lle d  manner to  a leng th  o f about 5 mm before becoming u n s ta b le  
a t  a load about 401 h ig h er than th a t  fo r  i n i t i a t io n .  At th is  s tag e  th e  
s t r a in  in  the delam inated region  approximates to  the  average o f  th a t  in  
both  halves o f th e  specimen. The delam ination would then jump about 10 mm 
w ith  a load drop, and th e r e a f te r  propagated in  s im ila r  o r la rg e r  jumps a t  
n ea rly  co n stan t load . This i s  shown in  F igs. 43 - 46,which were taken  a t  
the s ta b le  p o s itio n s  between jumps. In these  f ig u re s  some areas appear 
dark because the  specimen su rface  has developed lo c a l cu rvatu re  and so no 
longer r e f le c t s  the  la s e r  beams in to  the  camera. By re -a lig n in g  the  camera 
i t  was p o ss ib le  to  photograph these  areas a t  the expense o f  those which 
were form erly l ig h t ,  and in  se v e ra l cases two f r in g e  p a tte rn s  have been 
included.
When specimens w ith  delam inations o f about 10 mm long were 
unloaded to  approxim ately one th i r d  o f th e  load a t  i n i t i a t i o n ,  th e  s t r a in
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delam inated a re a , and remained so when load was removed com pletely, Fig 44 
(f)j (g) > 45 (cl). There is  then a r a th e r  sm all re s id u a l s t r a in ,  le s s  than 
51 o f the  s t r a in  a t  p ropagation , over the  crack t ip  zone. The leng th  o f 
th is  zone i s  3 -  5 tim es the leng th  o f the t r a n s i t io n  zone between high 
and low s t r a in  a t  the  end of the  cafbon-ply b efo re  delam ination , and i s  
s im ila r  in  s iz e  to  the  la rg e s t  s ta b le  delam inations.
U nfo rtunate ly  th e  apparatus was n o t s u ita b le  fo r  study o f th e  
s ta b le  p ropagation  to  ’s t i c k - s l i p ’ t r a n s i t io n  because
i)  Loading was in te rm it te n t ,  and a t  a v a r ia b le  r a te  (by hand)
i i )  There was no p ro v is io n  to  record  a load ex tension  curve
i i i )  The H ounsfield  tensom eter was operated  a t  i t s  ra te d  
cap ac ity , and was th e re fo re  r a t h e r ’so ft!
2-3-8 The f a i lu r e  s t r a in  and mode of f a i lu r e  of divided-tow  hybrids 
In  many re sp ec ts  f a i lu r e  o f th e  divided-tow  hybrids was 
s im ila r  to  th a t  o f  the  lam inated hybrids w ith  a s in g le  p re -p reg  carbon- 
p ly . The f i r s t  v is ib le  f a i lu r e  event was f ra c tu re  o f th e  ca rb o n -fib re  - 
bundle, a t  a random p o s it io n , w ith  delam inations e i th e r  s id e  a t  the 
in te r fa c e  between the  carbon-bundle and the  g la s s -p lie s  surrounding 
i t .  This i s  shown schem atica lly  in  F ig. 47. The delam inated; are  as appear 
com paratively l ig h te r ,  as seen in  F ig. 48, and are  very much s h o r te r  than 
the  gauge len g th . When s tra in e d  beyond the f i r s t  carbon-bundle f a i lu r e ,  
successive  f ra c tu re s  occurred i n i t i a l l y  a t  random p o s it io n s . But as 
m u ltip le  cracking p rog ressed , f ra c tu re s  were spaced a t  l e a s t  two delam ina­
tio n  leng ths away from previous f ra c tu re s .  U ltim ate ly  th is  r e s u l te d  in  
a re g u la r  a rray  o f f ra c tu re s  and de lam inations, F ig. 48, w ith  no delam ina­
tio n s  m eeting. Four bundle s iz e s  were te s te d ,  10,000, 3 ,630, 1,620 and 
630 f ib r e s ,  each o f which has a c h a r a c te r is t ic  delam ination le n g th , Table 
4. This was measured by t r a v e l l in g  microscope focussed through the 
tra n sp a re n t g la s s - p l ie s ,  and ranged from 15 mm (10,000 f ib re s )  to  1.5 mm 
(1,620 f ib r e s ) .  T yp ica lly  the  c o e f f ic ie n t  o f v a r ia t io n  was 301, somewhat 
le s s  than fo r  lam inated hybrids ( 501). The delam ination leng th
decreased ra p id ly  with, bundle s iz e  and can e f fe c t iv e ly  be considered  to  have 
been in h ib i te d  below 1,620 f ib re s  s in ce  th e  delam ination could n o t be 
d is tin g u ish e d  from i r r e g u la r i t ie s  in  th e  carbon f ra c tu re  p a th , F ig . 50.
Load s t r a in  curves fo r  these  hybrids are very n ea rly  l in e a r  up 
to  u ltim a te  f a i lu r e  which occurred by lo n g itu d in a l s p l i t t i n g  o f th e  g la s s -  
p l i e s ,  F ig. 58 (c) to  (f) . Hie carbon bundle rep re sen ts  such a sm all 
percentage o f the t o t a l  specimen s t i f f n e s s ,  between 0.51 and 51, th a t
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maivxGuai m anures cause a n eg n g iD ie  load drop o r change in  s t i f f n e s s .
Down to  1,620 f ib r e s ,  f a i lu r e  o f the bundle could be r e l ia b ly  d e tec ted  by 
the aud ib le  ’ p in g r  which accompanied th e  f r a c tu r e ,  and each event was 
in d ic a te d  on the lo a d /s t r a in  tra c e  w ith  a ’p ip ’ marker. F a ilu res  o f the  
630 f ib re  bundles could n o t be heard  above general machine n o ise . N e ith er 
could they be d e tec ted  by the aco u s tic  em ission m onitor, because th e i r  
aco u s tic  ou tpu t was low • compared w ith  the  le v e l befo re  th e  f i r s t  f r a c tu re ,  
and because th e  p e rio d  between f ra c tu re s  was le ss  than the  2 s ga ting  
p e rio d  used in  r a te  counting. In s tead  f ra c tu re s  were counted under the  
microscope in  th re e  specimens taken to  d if f e r e n t  s t r a in s .  (U nfortunately  
the in te rm ed ia te  one s p l i t  lo n g itu d in a lly , and the  crack to ta l  may be in  
e r ro r .)
I n i t i a l l y ,  carbon-bundle f a i lu r e s  occurred a t  an in c reas in g  
r a te  as the  s t r a in  was in c reased , as i l l u s t r a t e d  in  F ig. 51 by the  
g rad ien t o f  the  crack d e n s i ty /s t ra in  curves. Crack d e n s ity  i s  simply 
the average number o f cracks in  a 1 m length  o f specimen. Beyond about 
0.018 s t r a in  the r a te  o f cracking shows an apparent decrease , and 
unexpectedly the  curves a lso  in te rs e c t  a t  th i s  p o in t. The r a te  o f 
in crease  in  measured crack d en sity  a t  any s t r a in  is  n o t a good measure 
of the p ro b a b ili ty  o f f ra c tu re  a t  th a t  s t r a in ,  because the  e f fe c t iv e  
leng th  o f undamaged carbon-bundle decreases as m u ltip le  cracking  
develops. Each s id e  o f a f ra c tu re  the  carbon-bundle supports reduced 
load over some d is tan ce  approxim ately to  the de lam ination len g th . At any 
s t r a in  th e  f ra c t io n  o f the  o r ig in a l  gauge leng th  n o t delam inated i s : -
1 -  (crack  d en s ity  x mean )
I f  i t  i s  assumed th a t  a l l  th e  carbon-bundle o u tsid e  delam inations 
i s  unifo im ly  loaded, the  expression  above may be used to  convert the 
measured crack d en s ity  curves to  curves of crack d en sity  in  the  bonded 
p o r tio n  of the  gauge len g th , F ig. 52. The low s t r a in  p o rtio n s  o f the 
curves are  l i t t l e  changed, b u t a t  h ig h er s t r a in s  the crack d en s ity  i s  
s ig n i f ic a n t ly  in creased  and th ere  i s  le s s  f a l l - o f f  in  th e  r a te  o f c rack ing . 
Only the th re e  curves fo r  the  sm a lle r  bundle s iz e s  now in te r s e c t ,  and a t  
h ig h er s t r a in .  For reasons d iscussed  in  Chapter 1 i t  i s  most u n lik e ly  th a t  
the p ro b a b ili ty  o f carbon-bundle f a i lu r e  decreases a t  h ig h er s t r a i n s ,  as 
i s  im plied  by the  low r a te  o f in crease  in  crack d en s ity  a t  h ig h e r s t r a in s  r 
seen in  both F igs. 57 and 52. For th is  reason , and because th e re  appears 
to  be a minimum sep ara tio n  between f ra c tu re s ,  which i s  g re a te r  than  two 
delam ination len g th s , i t  i s  probable th a t  the  carbon-bundle supports  reduced 
load over a d is tan ce  g re a te r  than each s id e  o f ,a  f ra c tu re .  The
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mean sep a ra tio n  o f th e  most c lo se ly  spaced 10% o f f r a c tu re s ,  was taken 
as an approxim ation to  the  e f fe c t iv e  leng th  over which the  carbon-bundle 
load i s  reduced, ( to  one s id e  o f  a f r a c tu r e ) . Both and are 
included  in  Table 4. The values o f can a lso  be used in  equation  (19) 
to  c o rre c t measured crack d en s ity , in  th is  case to  crack d en s ity  in  th a t  p o r tio  
of th e  carbon-bundle carry in g  approxim ately f u l l  load. Curves co rrec ted  
in  th is  way, F ig . 53, fo r  the th re e  la rg e r  bundle s iz e s ,  no longer i n t e r ­
s e c t ,  and have very  s im ila r  shapes, b u t are  sep ara ted  by 0.0005 to  0.001 
s t r a in .  The s t r a in  a t  the onset .of cracking  ranges from 0.0150 fo r  10,000 
f ib r e s ,  to  0.0177 fo r  630 f ib r e s ,  compared w ith  0.00112 fo r  th e  a ll-c a rb o n  
lam inate. Expressed as a percentage Hybrid E f fe c t ,  th i s  ranges from 341 
(10,000 f ib re s )  to  58% (630 f ib r e s ) .  The Hybrid E ffe c t ap p lie s  n o t only 
to  f i r s t  f a i lu r e  of the  carbon-bundle, b u t a lso  to  a l l  subsequent f a i lu r e s .  
Although only 5 specimens o f each o f the  fo u r bundle s iz e s  were te s te d ,  
considerab le  confidence can be p laced  in  th e  r e s u l t s ,  as each involved a 
t o t a l  o f 50 to  200 f ra c tu re s .
A coustic  em ission r a te  curves a lso  show the  Hybrid E ffe c t s in ce  
the peak r a t e ,  which occurs j u s t  befo re  the f i r s t  f r a c tu re ,  i s  found a t  
h ig h er s tr a in s  fo r  sm aller bundle s iz e s ,  r e f le c t in g  th e  in c rease  in  f i r s t  
f a i lu r e  s t r a in .
2-3-9 The f a i lu r e  s t r a in  and mode o f f a i lu r e  of spread-tow  hybrid s
F a ilu re  o f the  spread-tow  hybrids d if fe re d  from th a t  of the  
o th er hybrids in  th a t  th e re  was no d i s t in c t  event which p a ra l le le d  
f a i lu r e  o f a carbon-ply  or bundle, bu t was, in  o th e r r e s p e c ts ,  very  
s im ila r .  In s tead  of th e  spread-tow  f a i l in g  as a lamina w ith  a crack 
propagating  from bundle to  bundle, is o la te d  f ib re s  and groups o f  f ib r e s  
f a i le d  a t  random throughout the  la y e r , lead ing  to  an accum ulation o f 
damage. F a ilu re s  o f th e  la rg e r  groups o f f ib re s  could be seen as f in e  
w hite f le ck s  on the bundles o f c a rb o n -f ib re s , F ig. 49, b u t f a i lu r e s  o f  
sm alle r groups and s in g le  f ib re s  could only be seen under the m icroscope,
F ig. 71. With continued s tra in in g  a re g u la r  a rray  of m u ltip le  f ra c tu re s  
became v is ib le  on the la rg e r  bundles, w ith  a spacing o f about 1 mm 
(Fig. 49). A s im ila r  type o f m u ltip le  f ra c tu re  was found in  sm alle r 
groups and s in g le  f ib re s  in  the  m icroscopy, b u t w ith  much f in e r  spacing .
The very  f in e  sc a le  o f cracking preven ted  any accurate  d e term ina tion  o f  th e  
s t r a in  a t  which cracking f i r s t  occurred , indeed , i t  is  doub tfu l i f  th e  
concept o f a f i r s t  f a i lu r e  event has much value when the bundle s iz e  covers 
a spectrum from s in g le  f ib re s  to  groups o f 2O0or more. A coustic  em ission
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f a i lu r e ,  was a f a r  b e t t e r  in d ic a tio n  o f th e  mechanisms and e x te n t of 
f a i lu r e ,  and both  are  d iscussed  f u l ly  in  sec tio n s  2-3-11 and 2-3-12 
re sp e c tiv e ly .
I f  th e  maximum in  ac o u s tic  em ission r a te ,  F ig. 58 ( g ) , corresponds 
to  th e  maximum r a te  o f f a i lu r e  o f the carbon f ib r e ,  i t  rep resen ts  the 
s t r a in  a t  which the carbon f ib re  i s  most rap id ly  becoming in e f fe c tiv e  in  
the  s tru c tu re .  Taking th is  s t r a in  to  be analogous to  th e  onset o f carbon- 
bundle f a i lu r e  in  th e  divided-tow  h y b rid s , gives some in d ic a tio n  o f the  
in c rease  in  carbon f a i lu r e  s t r a in .  The maximum occurs a t  0.0189 s t r a in ,  
or the  eq u iv a len t o f  roughly 67% Hybrid E ffe c t.
2-3-10 Prope r t i e s  o f s in gle  f ib re s
The s tre n g th  o f flawed filam en ts i s  leng th  dependent, and can 
be described  by th e  W eibull d is t r ib u t io n .
L a te r an a ly s is  o f composite s tre n g th  req u ires  f ib r e  s tre n g th  
d is tr ib u tio n s  fo r  leng ths o f the o rder 1 0 0 ^ m, and i t  i s  obviously  
im p rac tica l to  measure th ese  d i r e c t ly  w ithou t sp e c ia lis e d  equipment.
However th e  W eibull d is t r ib u t io n  allows e x tra p o la tio n  from d a ta  measured 
a t  long ( ^ 1 0  mm) gauge leng ths to  the s h o r te r  leng ths o f  i n te r e s t .  S ingle 
f ib re  t e s t s  were performed to  determ ine the two W eibull param eter. Two 
procedures are a v a ila b le . The mean s tre n g th  and variance may be measured 
a t a s in g le  gauge len g th , or a l te rn a t iv e ly  th e  mean s tre n g th  may be 
measured a t  two (o r more) gauge len g th s. The second approach was adopted 
w ith  10 mm and 50 mm gauge len g th s . F if ty  HTS-carbon f ib r e s ,  (from th e  
same batch  as used fo r  the  divided-tow  and spread-tow  hybrids) , were ca re ­
fu l ly  se le c te d  from a l l  p a r ts  of th e  tow, and mounted on cards "with 10 mm 
and 50 mm cu to u ts . Small spo ts o f ’D urofix’ secured the  f ib re s ' a t  th e  
edges o f  the  c u to u ts .
Before te s t in g  th e  diam eter o f each f ib r e ,  (both gauge le n g th s ) ,  
was measured by la s e r  d if f r a c t io n  w ith  the apparatus shown in  F ig. 54.*
*A 2 mw He-Ne la s e r  beam' (wavelength = 632.8 nm) was d if f r a c te d  by th e . . 
-fib re , whose p o s itio n  was ad ju sted  to  b rin g  the  fo u rth  minima o f  th e  
d i f f r a c t io n  p a t te rn  in to  coincidence w ith  a leng th  c a l ib ra t io n  on th e ^  ~ 
screen . The sep a ra tio n  o f f ib re  and screen  was measured w ith th e y e rn ie r r  
sca le  o f the  o p tic a l  bench on which a l l  th e  components were mounted. F ibre 
diam eter i s  given by ^  ^  ( ^ ^  u  f  w  ^ ce ^
2_ sj \  S«.pctr&.fc' o.vy )
The e f fe c t iv e  diam eter could be measured to  w ith in  2%) eq u iv a len t to  4% on 
c ro s s -s e c tio n a l a re a , bu t the  t ru e  p re c is io n  o f the  technique fo r  a rea  measure­
ment was somewhat le s s  because of i r r e g u la r i t i e s  ( f lu tin g )  o f  th e  f ib r e  su rface
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te s t in g  machine (In s tro n  model TTM, load c e l l  A ), then th e  card  was c u t,
and the  f ib r e  p u lle d  a t  a r a te  o f 0 .1  mm/min. load and crosshead movement
were recorded , and values a t  f a i lu r e  were converted to  s t r e s s  and s t r a in .
S tre ss  values were so rte d  in to  ascending o rder by a F o rtran  programme
befo re  p lo t t in g  as cum ulative p ro b a b ili ty  d is t r ib u t io n s ,  Fig. 55. P lo tt in g
fa i lu r e  s t r e s s  agains f a i lu r e  s t r a in  fo r  th e  10 mm and 50 mm gauge len g th s ,
F ig. 56, gave moduli o f  208 GPa and 290 GPa re sp e c tiv e ly . Since th e  two
leng ths te s te d  came from the same f ib r e ,  the  d iffe re n c e  in  apparent
modulus in d ic a te s  th a t  s t r a in  values c a lc u la te d  from c ro ss -  head movement
are in  e r ro r .  C orrection  fo r  lo a d -c e l l  compliance (measured to  be 1.34 
-3 -110 mmgm ) ,  reduced the d iffe re n c e  in  modulus from 82. GPa to  ^  60 GPa.
The major p a r t  o f .the rem aining e r ro r  i s  a t t r ib u te d  to  d e f ic ie n c ie s  in  the  
g ripp ing  arrangem ent. In  view of t h i s ,  i t  was considered  p re fe ra b le  to  
c a lc u la te  f a i lu r e  s t r a in  from s t r e s s ,  and the f ib re  modulus ob ta ined  from 
the composite modulus.
The W eibull param eters were determ ined from th e  log j  log p lo t  
o f mean f ib re  s tre n g th  (GPa) ag a in s t f ib re  leng th  (mm), F ig. 57. S u b s titu ­
tio n  o f the  g ra d ien t and in te rc e p t  taken from Fig. 57, w ith  ap p ro p ria te  
value of the gamma fu n c tio n , in to  equation  ( 6 ) gives
<r = 2.17 GPa o
u' = 6.98
Evaluation  o f th e  W eibull expression  fo r  cum ulative frequency o f f ib r e  
fa i lu r e
w
Gp (d^) ~ 1 - exp )
w ith  these  values o f J Q and w fo r  10 mm and 50 mm gauge leng ths generates 
the s o lid  curves in  F ig. 55. At low p ro b a b ili ty  o f f a i lu r e ,  < 0 .2 ,  th e re  
i s  s ig n if ic a n t  d iffe re n c e  between experim ent and the W eibull d i s t r ib u t io n ,  
b u t a t  h ig h er p r o b a b i l i t ie s  the  agreement i s  good.
2-3-11 A coustic em ission r e s u l ts
During te n s i le  te s t in g ,  m icroscopic damage accumulated by a 
number o f mechanisms befo re  any signs o f f ra c tu re  were outwardly v i s ib le .  
A coustic em ission m onitoring was able to  d is tin g u ish  between n o ise  sources 
a sso c ia ted  w ith  th e  f ib r e ,  and w ith  the r e s in ,  b u t d ir e c t  id e n t i f ic a t io n  
o f n o ise  sources was n o t attem pted. There i s  however s u b s ta n t ia l  
evidence from microscopy, th a t  carbon f ib re  f a i lu r e s ,  and r e s in  crack ing  
are the  m ajor n o ise  sources. Typical A*E ra te  curves fo r  a l l - g la s s  and 
a ll-c a rb o n  p re -p reg  lam inates are shown in  F igs. 23, 24, and F ig. 58 
p re se n ts  on a common s t r a in  a x is , A-E curves ty p ic a l  o f .a l l  th e  w et-lay -u p
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slip p ag e  and debonding o f th e  end-tag  g l u e - f i l l e t s .
C onsidering f i r s t  the a l l - g la s s  f ib r e  com posites, th e re  was a 
considerab ly  h ig h er r a te  o f A-E from th e  p re -p reg  based lam inate (code 
69 r e s in ) ,  than  from th e  w et-lay-up  com posite, F ig. 24 and F ig . 58 ( b ) , • 
although both  curves have a s im ila r  upward tre n d . No g la s s - f ib r e  f a i lu r e s  
have been observed m icro sco p ica lly  in  e i th e r  com posite, so th e  A E i s  
a t t r ib u te d  to  th e  numerous re s in  cracks which have been observed. T heir 
r a te  o f  in c re a se  approxim ately follow s the  A-E r a te ,  see F ig . 59 and se c tio n  
2-3-12. Both types o f g lass  f ib r e  have s im ila r  te n s i le  s tre n g th s  ( in  the  
composites) , b u t the re s in  f a i lu r e  s t r a in s  d i f f e r  by about 0 .0 1 , (Code 69 
f a i l s  a t~ 0 .0 1 ,  (64) , and Epikote 828 system a t  ~  0.02 s t r a i n ,  (6 3 )) ,  which 
could account fo r  th e  A-E ra te  d iffe re n c e  between p re -p reg  and w et-lay -up  
specimens.
A ll the composites lam inated from p re -p reg  have s im ila r  curves 
in  which the n o ise  from re s in  cracking predom inates. No c o n s is te n t trends 
can be d iscerned  fo r  e i th e r  HTS or HMS based hyb rid  lam inates.
With the w et-lay-up  composites a more in te re s t in g  tre n d  emerges. 
The le v e l o f A-E from the a ll-c a rb o n  HTS com posites, F ig. 58 (a) , was very  
much g re a te r  than th a t  from the  a l l - g la s s  com posites, F ig . 58 .(b) , and 
occurred over a range o f s t r a in  approxim ately one th i rd  sm a lle r . This 
d iffe ren ce  i s  a sso c ia ted  s o le ly  w ith  the d iffe re n c e  in  f ib r e  type as a l l  
o th e r fa c to rs  were the same. This suggests th a t  carbon f ib r e  f ra c tu re  i s  
a m ajor n o ise  source. The A*E r a te  from specimens o f id e n t ic a l  c o n s tru c tio n  
was c o n s is te n t to  w ith in  ± 50%, ( a t  equal s t r a i n s ) , whereas th e  d iffe re n c e  
between g lass  and carbon composites i s  a f a c to r  o f about 60 a t  0 .01 s t r a in .
Up to  f i r s t  f a i lu r e  o f the  carbon-bundle, the d iv ided-tow  hybrid s 
a l l  have s im ila r  A*E curves to  th e  a ll-c a rb o n  com posite, F ig. 58 (c  -  f) and 
( a ) . A fte r  th e  onset o f m u ltip le  c rack ing , in d ic a ted  by the peak , the  
em ission r a te  drops to  a lower and more i r r e g u la r  le v e l which in c re a se s  only 
m arg ina lly  w ith  s t r a in .  The th re e  la rg e r  bundle s iz e  hybrids in e v ita b ly  
f a i le d  u lt im a te ly  by lo n g itu d in a l s p l i t t i n g  around 0.025 s t r a i n ,  b u t in  th e  
case o f  630 f ib r e  bundles, s tr a in in g  could be continued to  u ltim a te  s t r a in s  
ty p ic a l  o f a l l - g la s s  composites ( ~ 0 .0 3 ) .  At these  h igh s t r a in s ,  in  
specimens w ithou t lo n g itu d in a l s p l i t s ,  the  em ission r a te  rose again  to  a 
maximum a t  u ltim a te  f a i lu r e ,  fo llow ing the h ig h -s tra in  behaviour o f  th e  
a l l - g la s s  A*E curves. I t  appears th a t  the t o t a l  output i s  sim ply th e  sum
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A-E curve peaks are  t r a n s la te d  to  h igher s tr a in s  as the b u n d le -s ize  i s  
reduced, dem onstrating the  Hybrid E f fe c t ,  and the  a rea  under th e  curves,, 
( rep re se n tin g  th e  t o t a l  number o f em iss io n s), up to  the  onset o f  m u ltip le  
c rack ing , decreases roughly in  p ro p o rtio n  to  the  number o f f ib re s  in  th e  
bundle, F ig. 60.
Each 20 mm wide spread-tow  hybrid  specimen nom inally con tained  
0 .6  o f a tow, o r a t o t a l  o f  about 6,000 carbon f ib r e s ,  and a t  equal s t r a in s ,  
th e  A-E r a te  was about 0 .6  o f th a t  from a whole tow bundle. The two sp read- 
tow hyb rid  composites w ith  0 .5  mm and 1 .0  mm th ic k  g la s s -p lie s  both  gave 
very  s im ila r  A-E curves, F ig. 58 (g) and (h) , showing th e re  i s  very l i t t l e  
a tte n u a tio n  o f carbon f ib r e  n o ise  through the  th ick n esses  o f g la s s - f ib r e  
ty p ic a l  o f  th i s  type o f  specimen. I t  i s  th e re fo re  doub tfu l w hether th e  
d iffe re n c e s  in  a tte n u a tio n  a r is in g  from d if f e r e n t  ca rb o n -fib re  d is t r ib u t io n s  
could s ig n if ic a n t ly  in flu en ce  th e  A-E r a te  recorded. A coustic em ission r a te  
curves fo r  spread-tow  hybrids have no sharp peak follow ed by a d i s t i n c t  
f a l l  in  r a t e ,  b u t have in s te a d  a broad hump cen tred  around 0.019 s t r a in .
The A E r a te  then f a l l s  by about a h a l f  to  a minimum a t  roughly 0.023, s t r a i n ,  
befo re  r is in g  again to  a maximum a t  f a i lu r e  (~ 0 .0 3  s tr a in )  , r e f le c t in g  th e  
underly ing  behaviour o f the  g la s s -p lie s  a t h igh  s t r a in .
2-3-12 Microscopy o f damage fe a tu re s
In  th is  s e c tio n  th e  m icroscopic damage found b efo re  and a f t e r  
macroscopic f a i lu r e  and th e  sp e c ia l techniques developed to  observe th ese  
fe a tu re s  w ithou t in tro d u c in g  damage during the  p rep a ra tio n  o f specimens i s  
described . G enerally , o p tic a l  microscopy, (in c lu d in g  macrophotography) was 
more u se fu l than  scanning e le c tro n  microscopy as the  transparency  o f  g lass  
f ib re s  and r e s in  could be e x p lo ite d , allow ing fe a tu re s  below th e  su rface  to  
be observed w ithou t the  need fo r  se c tio n in g . By focussing  su ccess iv e ly  
deeper in to  a specimen th e  e f fe c t iv e  depth o f  f i e ld  approached th e  r e l i e f  
o f  the  m icroscope o b jec tiv e ,.w h ich  had a minimum value o f  about 1.5 mm.
With p ra c tic e  th e  eye and b ra in  are ab le to  form an e f fe c t iv e  3-dim ensional 
image as the p lane o f focus i s  s h if te d  up and down, b u t th i s  cannot be 
recorded on film . Many o f th e  micrographs are  th e re fo re  th e  r e s u l t  o f  a 
compromise between try in g  to  show fe a tu re s  in  sharp focus, and a t  d i f f e r e n t  
dep ths, and need to  be in te rp re te d  w ith  im agination! A ll o p tic a l  m icro­
graphs were taken  on a Zeiss ’U ltra p h o t1 photom icroscope. Scanning e le c tro n  
m icroscopy, which only examines su rfaces  was o f lim ited  use because most 
fe a tu re s  o f  i n t e r e s t  were in te rn a l .  Simple examination o f a specimen by * 
eye, w hile tu rn in g  i t  in  a strong l ig h t ,  revealed  many fe a tu re s  o f  m icro­
scopic s c a le , b u t again such a dynamic image could n o t be recorded . To
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b u t w ith  lower re so lu tio n  and depth o f f ie ld .  For example, f in e  cracks 
and in d iv id u a l f ib re s  could be c le a r ly  seen by eye in  spread-tow  h y b rid s , 
but were n o t w ell reso lved  in  m acrographs, e .g . F ig. 49.
Some fe a tu re s  could only be examined by c u ttin g  and p o lish in g  
s e c tio n s  o f com posite, and to  do th i s  e f fe c t iv e ly  req u ired  c lo se  adherence 
to  th e  follow ing p rep a ra tio n  ro u tin e . For se c tio n in g , sm all samples o f 
the  te n s i le  t e s t  p ieces were mounted in  the d es ired  o r ie n ta tio n  in  epoxy 
re s in  (Epikote 828, cured 3 hours a t  60° C). The cured block was then 
sec tio n ed  c lo se  to  the  d es ired  plane w ith  a h igh- speed, f in e -g ra d e , w ater- 
lu b r ic a te d  diamond saw. Surface damage from c u ttin g  was a f ib r e  diam eter 
or le s s  deep, and was removed in  l a t e r  s tag es  o f p re p a ra tio n . The cu t 
su rface  was then ground l ig h t ly  on 400 and 600 g r i t ,  wet carborundum p ap er, 
which l e f t  numerous sc ra tch es  and chipped the edges o f g lass  f ib r e s .  This 
damage was removed w ithout developing r e l i e f  by wet lapping on a c a s t  iro n  
p la te  w ith  a s lu r ry  o f 1000 g r i t  s i l ic o n  ca rb id e , and re su lte d  in  a uniform  
fin e  p i t t in g .  The p re p a ra tio n  was completed w ith  two diamond p o lish in g  
s ta g e s , on 6/*m grade to  remove th e  p i t t i n g , l e f t  from lapp ing , follow ed by 
a f in is h in g  p o lish  on 1/um grade. The time req u ired  w ith  each diamond grade 
depended on th e  co nd ition  o f the  c lo th , so the  specimen was p e r io d ic a l ly  
examined m icro sco p ica lly  to  minimise p o lish in g  tim e, ( ty p ic a lly  7 mins on 
each g rade). Between each p o lish in g  s tag e  specimens were cleaned in  an 
u l t r a s o n ic a l ly  a g ita te d  w ater b a th . I t  i s  u n lik e ly  th a t  any o f th e  damage 
fe a tu re s  described  l a t e r  are in troduced  by the  p re p a ra tio n , as they  are  n o t 
seen in  u n s tra in e d  specimens. C erta in  d e ta i l s  o f the diamond p o lish in g  
technique were e s s e n t ia l  to  achieve a r e l i e f - f r e e  su rface . The diamond 
compound was c a rr ie d  on a close-wroven nap less  c lo th  which avoided th e  
b rush ing  ac tio n  o f p i le d  c lo th s  which tends to  remove re s in  from between 
th e  h a rd er f ib r e s .  Epoxy mounting re s in  and w ater lu b r ic a tio n  in  conjunction 
w ith  w ater based ■ medium in  the diamond compound were used in  p re fe ren ce  
to  p o ly e s te r  mounting re s in  and petroleum  s p i r i t  based iu b ric a n ts  which 
caused gum to  b u ild  up on th e  p o lish in g  c lo th .
The rem ainder o f th i s  se c tio n  d escrib es  damage fe a tu re s ,w ith  
the re le v a n t techn iques, beginning w ith  m atrix  cracking . I s o la te d  r e s in  
c rack s, normal to  the  te n s i le  a x is , were seen a t  com paratively low s t r a in  
befo re  f a i lu r e  o f the  carbon-ply in  lam inated composites (Code 69 re s in )
F ig. 61. This micrograph o f a lo n g itu d in a l se c tio n  was taken in  r e f le c te d  
p o la r iz e d  l ig h t ,  which shows up s t r a in s  in  the  re s in  on account o f  i t s  
p h o to e la s t ic i ty .  In  th is  technique a c e r ta in  p ro p o rtio n  o f th e  in c id e n t 
l ig h t  p e n e tra te s  the su rfa c e , and i s  r e f le c te d  by fe a tu re s  below th e
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su rxace , p assin g  xnrougn sxraxnea regions oexore emerging w itn  i t s  p lane 
of p o la r is a t io n  ro ta ted .. The an a ly ser was ad ju sted  to  some p o s it io n  away 
from complete c a n c e lla tio n  to  show up bo th  f ib r e s ,  and cracks w ith  s t r a in  
f ie ld s .  This d is tin g u ish e s  cracks from su rface  sc ra tc h e s . The r e f le c te d  
p o la r is e d  l ig h t  technique in creased  c o n tra s t by removing su rface  re f le c t io n s  
and extends the  depth a t  which r e s in  cracks can be d e te c te d  as l ig h t  a reas . 
For th is  reason i t  was p a r t ic u la r ly  v a lu ab le  in  lo ca tin g  m atrix  cracks 
a sso c ia ted  w ith  ca rb o n -fib re  f r a c tu r e s , F ig. 71. In  ad d itio n  th ese  cracks 
could be seen in  tra n sv e rse  se c tio n s  w ith  u n p o la rised  l ig h t ,  by focusing  
below the  su rfac e . F igure 62 i s  a p a i r  o f  micrographs showing an annular 
crack surrounding an is o la te d  carbon f ib r e .  Cured Code 69 g la ss  f ib r e  
lam inates had a milky translucence  o f unknown o r ig in ,  which e f fe c t iv e ly  
masked any outward change in  appearance as m atrix  cracking developed. In  
c o n tra s t ,  the wet lay-up g la s s - f ib r e  composites were v i r tu a l ly  tra n sp a re n t,  
and w ith  s u ita b le  b a c k -lig h tin g  cracking could be seen by eye. When l ig h t  
is  d ire c te d  a t  an angle (~ 4 5 °)  to  the f ib r e  d ire c tio n  onto th e  back o f a 
specimen, cracks normal to  the t e n s i le  axis r e f l e c t  l ig h t  a t  an equal 
angle out o f  the  f ro n t o f the  specimen, w hile the m a jo rity  passes s t r a ig h t  
through. Viewed a g a in s t a dark background the  cracks appear as a s c i n t i a l -  
la t in g  lig h ten in g  o ften  re fe r re d  to  as ’s tr e s s  w h iten ing ’ , F ig . 63. The 
cracking  f i r s t  appeared as s tr in g s  o f w hiteness fo llow ing th e  f ib re  d ire c t io n  
a t  about 0.015 s t r a in ,  and developed to  the p o in t where the  s tru c tu re  o f the  
tows was c le a r ly  v is ib le  by about 0.02 s t r a in .  T h e rea fte r  the  w hitening  
in te n s i f ie d  p ro g re ss iv e ly  u n t i l  f a i lu r e ,  when i t  was f a i r l y  uniform . In  
i t s  e a r ly  s tag es  the  w hitening p a r t i a l ly  d isappeared on unloading th e  
specimen, b u t by about 0.02 s t r a in  l i t t l e  change could be d e tec te d . Very 
s im ila r  cracking  occurred in  th e  spread-tow  h y b rid s , b u t some o f  the  cracks . 
in  th e  ca rb o n -fib re  lay e r were obviously much la rg e r ,  and could be seen as 
d i s t in c t  b r ig h t  f le c k s . Figure 64 shows four o f these  specimens taken to  
s im ila r  s t r a in s  to  F ig. 63, b u t photographed a g a in s t a l ig h t  background to  
show up the  carbon f ib r e s .  This means the w hitening is  le ss  obvious, b u t 
the la rg e r  cracks can be c le a r ly  seen as b r ig h t  l in e s .
Resin cracking was observed w ith in  w et-lay-up  composites u sing  
tra n sm itte d  l ig h t  microscopy w ith  -a low- power oil-im m ersion o b je c tiv e , 
which avoided the  need fo r  any form of specimen p re p a ra tio n . F igure 65 
i s  a s e r ie s  o f micrographs o f a l l -g la s s  f ib re  specimens taken to  
su ccess iv e ly  h igher s t r a in s ,  photographed w ith  th e  p lane of focus about 
0.2 mm w ith in  the specimen. The su rface  appearance befo re  t e s t in g ,  and 
a f t e r  f a i lu r e  a t  0.031 s t r a in ,  i s  shown in  Fig. 66. (The spo ts  are 
probably  mould re le a se  sp ray .) No cracks are v is ib le  in  u n s tra in e d
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the f ib r e s ,  p a r t ic u la r ly  in  r e s in - r ic h  a reas. The cracks c le a r ly  do . 
n o t pass through the f ib r e s ,  and have a com pletely d i f f e r e n t  random 
d is t r ib u t io n  a t  the specimen su rface  where they are no t bounded by 
f ib r e s .  From th ese  m icrographs, and those taken in  p o la riz ed  l ig h t  to  
show s t r a in  f ie ld s  th e re  i s  no evidence of debonding between f ib re  and 
m atrix  where the cracks meet the  f ib r e s .  There appears to  be a minimum 
crack spacing  which depends on the  crack len g th , which a t  h igh s t r a in s  
leads to  re g u la r  a rray s o f c racks. The spacing i s  le ss  fo r  th e  s h o r te r  
cracks which appear a t  h ig h er s tr a in ,-  and a t  u ltim a te  f a i lu r e  th e  spread  
in  crack leng th  i s  about 7 : 1. The t o t a l  number of cracks v is ib le  in  a 
s tan d ard  f i e ld  o f view a t  each s t r a in  i s  p lo t te d  in  Fig. 59, and i s  veiy  
s im ila r  to  th e  norm alised in te g ra l  of th e  A*E r a te  curve fo r  th e  same a l l ­
g lass  composite.
A very s im ila r  p a t te rn  o f cracking was observed in  the  g la s s -  
p l ie s  o f the  spread-tow  h y b rid s , b u t in  ad d itio n  to  the s tr in g s  o f f in e  
cracks the  much la rg e r  cracks were seen when the  c e n tra l la y e r  o f d isp e rsed  
carbon f ib re s  was brought in to  focus, F ig. 67 (a) -  (d ) . Because the 
g re a te r  th ickness o f g la ss -p ly  tended to  obscure th e  f in e r  m atrix  c rack in g , 
and because the  o b jec tiv e  r e l i e f  vras lim ite d , a th in n e r  spread-tow  composite 
was fa b r ic a te d  w ith  0 .5  mm th ic k  g la s s - p l ie s ,  and f a i le d  in  a manner 
in d is tin g u ish a b le  from th e  th ic k e r  composite. The la rg e  cracks f req u en tly  
occurred in  l in e s  across the specimen, normal to  th e  te n s i le  a x is ,  b u t 
a lso  a t  is o la te d  p o s it io n s ,  F ig. 67, (a) and (b) and a t  h ig h e r faag n ifica tio n  
the stepped appearance o f the  crack lin e s  i s  c le a r ly  seen , F ig. 67 (c) and 
(d ) . At f i r s t  i t  was thought th ese  lin e s  were s tra y  m isaligned  carbon 
f ib re s  which gained the stepped appearance as a r e s u l t  o f th e  c y l in d r ic a l-  
lens ac tio n  of th e  g lass  f ib re s .  A number o f observations .suggest th i s  is  
n o t so . The prim ary evidence i s  th a t  no cracks are seen in  u n s tra in e d  
specimens, and th a t  a l l  th e  lin e s  o f cracks are a t  45° or more to  th e  
t e n s i le  a x is ,  whereas m isaligned f ib re s  would be expected a t  a l l  ang les .
In  a d d itio n , the  g lass  f ib re  diam eter is  se v e ra l times le s s  than th e  
apparent leng th  o f th e  c ra c k s , and i t  i s  h ard  to  see how^  c y l in d r ic a l  lens 
ac tio n  could give r i s e  to  such la rg e  s tep s  in s te a d  o f a genera l broadening. 
F u rth er convincing evidence comes from micrographs in  p o la r is e d  tra n sm itte d  
l ig h t ,  F ig. 68, which show in ten se  s t r a in  f ie ld s  around the  c rack s. I t  i s  
n o t c le a r  from these  micrographs w hether th ese  cracks pass through f ib re s  
o f e i th e r  type in  ad d itio n  to  th e  m atrix .
Before f a i lu r e  o f the carbon-p ly , no f ib re  f a i lu r e s  were seen 
in  lo n g itu d in a l sec tio n s  o f lam inated h y b rid s , and a f te r  f a i lu r e  o f  th e
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the delam inated reg io n , though n o t n e c e s sa r ily  a sso c ia ted  w ith  the  t r a n s ­
v erse  f r a c tu r e . Some f ib re s  had two or more f ra c tu re s  spaced by a t  le a s t  
10 f ib r e  d iam eters, and th is  has im p lica tio n s  fo r  the  t r a n s f e r  len g th .
S everal examples can be seen in  F ig. 28. The volume o f m a te ria l e f fe c t iv e ly  
examined fo r  f ib re  breaks in  a lo n g itu d in a l s e c tio n  is  r a th e r  sm all because 
only cracks in  a su rface  la y e r , on average one f ib re  diam eter th ic k , can be 
de tec ted . Because the d is t r ib u t io n  of, f ib re  breaks is  an im portant considera­
t io n  in  s t a t i s t i c a l  models o f composite f a i lu r e ,  a more e f f i c i e n t  technique 
fo r  t h e i r  lo c a tio n  was developed, and is  d escribed  in  th e  n ex t s e c tio n .
Where the delam ination was long enough to  perm it some sep a ra tio n  o f  the p l i e s ,  
g la s s - f ib re s  could be seen b rid g in g  the  f a i le d  in te r f a c e ,  b u t proved d i f f i c u l t  
to  photograph w ith  adequate depth o f f i e ld ,  Fig. 69.
Spread-tow hybrids were sec tio n ed  a t  a shallow  angle to  ensure 
in te r s e c t io n  w ith  the th in ,  non-uniform  ca rb o n -fib re  la y e r . Figure 70 shows 
such a se c tio n  o f one o f the la rg e r  groups o f carbon f ib r e s . A number o f 
f ib re  f ra c tu re s  are c le a r ly  seen as dark lin e s  across th e  b r ig h t  f ib r e s ,  
b u t the t o t a l  number o f f ra c tu re s  i s  a t  l e a s t  double t h i s .  Because the
carbon f ib re s  are  r is in g  upwards out o f the plane o f s e c tio n , (towards the  .  
top o f F ig. 70) , where a f ib re  has f ra c tu re d  and debonded, no th ing  remains 
to  ho ld  i t  in  p la c e , and i t  i s  l o s t  during p o lish in g . A ll th a t  remains i s  
the lower p o rtio n  o f th e  f ib r e ,  which-can be id e n t i f ie d  by i t s  square r a th e r  
than e l l i p t i c a l  end. Therefore a l l  square-ended f ib re s  in  F ig. 70 should 
a lso  be counted as having f ra c tu re d . I t  could be argued th a t  the f ib r e  
f ra c tu re s  are  caused by th e  p rep a ra tio n  o f the  s e c tio n , b u t no breaks are 
seen in  u n s tra in e d  specimens prepared in  th e  same way. Again many f ib re s  
have more than one f r a c tu r e ,  sep ara ted  by 10 o r more f ib r e  d iam eters, and 
such m u ltip le  fra c tu re s , seem to  be more numerous than in  th e  lam inated h y b rid s , 
making the f ra c tu re  pa th  le ss  d i s t in c t .
P o la rise d  re f le c te d  l ig h t  microscopy w ith  a low-power oil-im m ersion  
o b jec tiv e  was used to  examine carb o n -fib re  f ra c tu re s  by focusing  through the  
g la s s -p lie s  o f spread-tow  specimens. Areas o f m atrix  f a i lu r e  a t  delam inations 
and debonded f ib re s  showed up b r ig h t a g a in s t a dark background, F ig . 71 (a) -  
(d ) . Carbon f ib re  su rfaces  are o p tic a l ly  a c tiv e  (depending a c-p lane o r ie n ta ­
tion ) and can a lso  appear l ig h te r  in  the  m icrographs. The s tre a k s  along the  
f ib re s  may be due to  v a r ia tio n s  in  the  g rap h ite  c r y s t a l l i t e  o r ie n ta tio n  
( re f s .  2, 3 , 4 o f Appendix 1) or to  f lu t in g  o f the  su rfa c e . F igure 71 ('a) 
shows a r e la t iv e ly  la rg e  group o f carbon f ib re  f a i lu r e s ;which are  th e  r a th e r  
f in e  and in d is t in c t  dark lin e s  across the  f ib r e s .  The la rg e  b r ig h t  areas 
are debonding between f ib re  and m atrix . I t  i s  in te re s t in g  to  n o te  th a t
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beveicu. uiccu^ l-cui uc seen m  cue same n a r e , a n  wiinin me aeoonaea region.
A sm alle r group o f f ra c tu re s  i s  shown in  F ig, 71 (b) , and a number o f i s o la te d  
ca rb o n -fib re  breaks in  Fig. 71 ( c ) . G enerally th e  carbon f ib re s  are 
debonded from th e  m a trix  fo r  a d is tan ce  o f  about 3 -  5 f ib re  diam eters on 
e i th e r  s id e  of a f ib re  f ra c tu re ,  bu t th is  i s  no t always so , and F ig. 71 (d) 
shows two broken f ib re s  a t  h ig h er m ag n ifica tio n , only one o f which is  
debcnded. I t  appears th a t  debonding occurs in  p reference  to  m atrix  cracking 
when a s in g le  f ib r e  f a i l s ,  bu t when th e  m atrix  cracks w ithout f ib re  f a i lu r e  
th e re  i s  no debonding. No attem pt was made to  count the numbers o f d i f f e r e n t ­
s ize d  groups o f f ib r e  breaks w ith  th is  technique, b u t a t  s t r a in s  above ~  0.02 
a l l  spread-tow  specimens appeared to  con ta in  groups o f f ib re  f a i lu r e s  w ith  a 
spectrum  o f s iz e s  from s in g le  breaks to  groups o f about 30, the  m a jo rity  
w ith  debonding e i th e r  s id e  o f the  f ra c tu re s .
2-3-13 The lo c a tio n  of carbon f ib re  f ra c tu re s
An e le c t r o ly t ic  technique fo r  deco rating  conducting f ib re s  was 
developed to  id e n t i fy  the non-conducting, (and p o ss ib ly  broken) carbon 
f ib re s .  In  th is  technique a th in  ( ~ 3  mm) p o lish ed  tran sv e rse  se c tio n  o f 
composite i s  bonded w ith  conducting cement, p o lish ed  face outward, onto a 
m etal b lock . The p o lish ed  face i s  then immersed in  2 M I^SO^, and anod ically  
etched to  develop co lo u ra tio n  on the ends of f ib re s  which are e l e c t r i c a l ly  
connected to  the m etal backing b lock , Fig. 72. The anodic e tch in g  i s  thought 
to ' develop a la y e r  o f in te rc a la t io n  compound, (probably g rap h ite  b isu lp h a te  
(65)) on the f ib re  su rfa c e , g iv ing  r is e  to  in te rfe re n c e  c o lo u rs , which 
in c id e n ta l ly  show up the sh ea th /co re  s tru c tu re  o f the  f ib r e .  The e tch in g  
procedure i s  described  in  d e ta i l  in  th is  con tex t in  Appendix 1. F ib res  which 
are n o t connected to  the  anode do n o t develop c o lo u ra tio n , and r e ta in  th e i r  
p o lish ed  lu s t r e ,  appearing w hite in  th e  m icrographs, F ig. 74. I t  i s  assumed 
th a t  un-etched  f ib re s  are d iscontinuous a t  some p o in t in  the  s e c tio n . F ibres 
which e tch  and appear dark in  the  micrographs are  n o t n e c e s sa r i ly  unbroken, 
s in c e , even when a f ib re  has f ra c tu re d , i t  is  p o ss ib le  th a t  on un load ing , 
f ra c tu re  d eb ris  could be trapped  between the broken ends forming a conductive 
pa th . Also the  f ib re s  make e le c t r i c a l  con tac ts  w ith  th e i r  neighbours which 
provide p a r a l l e l  cu rren t p a th s , e f fe c t iv e ly  shunting  any e l e c t r i c a l  
d is c o n tin u it ie s  in  the  f ib r e s .  The fu r th e r  a f ib re  f ra c tu re  i s  from the  
su rface  being  e tched , the g re a te r  i s  the p ro b a b ility  th a t  i t  i s  shunted by 
neighbouring f ib re s .  To estim ate  the  depth to  which f ib re  breaks can be 
d e tec ted , a 5 mm th ic k  block o f carb o n -fib re  composite was mounted w ith  the 
f ib re s  a t  45° to  the sec tio n  p lan e , Fig. 73, and etched . F ibres up to  
5 mm away from one edge o f the block had no d ire c t  connection to  th e  anode 
b lock , b u t by conduction between f ib re s  the m ajo rity  e td ie d . Only a narrow
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s t r i p ,  Deiween ana t io r e  aiam eters wide (average ~  10 f ib re  d iam e te rs ) , 
was e f fe c t iv e ly  is o la te d  from the anode, which in d ic a te s  f ra c tu re s  can be 
d e tec ted  on average up to  0 .1  mm from the  su rfac e , F ig. 74. For a given 
area  o f p o lish ed  su rfa c e , the e tch in g  technique examines fo r  f ib re  breaks 
a volume o f m a te r ia l roughly ten  tim es g re a te r  than microscopy o f lo n g itu d in a l 
s e c tio n s . I t  has the  a d d itio n a l advantage th a t  su rface  sc ra tch es  cannot be 
m is in te rp re te d  as f ib r e  f ra c tu re s .  Even so , th e  number o f breaks found in  
a ll-c a rb o n  specimens i s  very sm all. F igure 75 (a) shows a ty p ic a l  f i e ld  of 
view o f  an e tch ed , u n s tra in e d , carbon f ib re  specimen w ith  no f ib re  b reak s.
This should be compared w ith  a s im ila r  composite s tra in e d  to  f a i lu r e ,  F ig.
75 (b) , con ta in ing  a s in g le  f ib r e  break . I t  i s  c le a r  from th ese  m icrographs 
why no f ib re  f ra c tu re s  were seen in  lo n g itu d in a l s e c tio n s . Surface damage 
i s  confined to  s in g le  is o la te d  breaks. The d en s ity  o f f ib r e  breaks in  a l l ­
carbon f ib re  composites caused by s tr a in in g  to  f a i lu r e  i s  estim ated  from a
10  -3number o f specimens to  be about 10 m .
Considerably more f ib re -b re a k s  were found a f te r  f a i lu r e  in  
lam inated hybrids w ith  th in  c a rb o n -p lie s , o ften  in  groups of two o r th re e ,
F ig. 76 (a ) . They appear to  be a t  le a s t  an -o rder o f magnitude more numerous, 
and in  many cases th e re  i s  a sso c ia ted  m atrix  cracking which can be seen  under 
crossed  p o la r s , F ig. 76 (b ) . '
The e le c t r o ly t i c  decoration  technique was somewhat improved fo r  
the  spread-tow  hybrids by in co rp o ra tin g  the  c e l l  in to  th e  feedback loop o f 
a sim ple o p e ra tio n a l am p lifie r  c i r c u i t  to  m ain tain  th e  c u rre n t a t  a co n stan t 
value s e t  between 10 and 100//A, i r re s p e c t iv e  o f changes in  the  c e l l  v o ltag e  
due to  p o la r iz a t io n  (w ith in  the lim its  o f  15V s u p p ly ) .  This allowed b e t t e r  
co n tro l o f  th e  average charge passed  p e r f ib r e  end, and the  p rocess could  be 
accu ra te ly  timed to  give a deep b lue shade on th e  etched f ib re s  which photo­
graphed w ith  the much improved c o n tra s t seen in  F ig. 77. General o b servations 
are much the same as fo r  the lam inated h y b rid s , although the 828 epoxy m atrix  
i s  le s s  su sc e p tib le  to  cracking . F ig. 77 shows s e le c te d  reg ions o f specimens 
s tra in e d  in  the range 0.009 to  0.023 which con ta in  the  g re a te s t  number o f 
( in  some cases the only) undecorated f ib r e s ,  and are no t re p re s e n ta tiv e  o f 
the g eneral appearance, s in ce  many areas con ta in  no fra c tu re d  f ib r e s .  Two 
trends are apparen t, the t o t a l  number of f ib r e  breaks in c reases  w ith  s t r a i n ,  
most ra p id ly  in  the in te rv a l  0.017 to  0 .023, and the  average s iz e  o f groups 
of f ib r e  f ra c tu re s  in creases  from 1 to  about 3 over the whole s t r a in  range. 
Although the to t a l  number o f f ib re  ends examined a t  each s t r a in  was about 
12,000, th e  numbers o f broken f ib re s  a t  a l l  b u t the two h ig h e s t s t r a in s  are  
ra th e r  sm all, see Table 6, and in s u f f ic ie n t  to  draw any conclusions about
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c o rre c tio n  o f -  1, 43 :x 1CT re s id u a l therm al s t r a in  should be app lied  to  
th e  s t r a in s  in  F ig. 77 to  o b ta in  the  tru e  carbon f ib re  s t r a in . )  The to ta l  
numbers o f f ib re  breaks have been used to  estim ate  the  p ro p o rtio n  of 
f a i le d  f ib re s  in  th e  100/tm  su rface  lay e r examined by the  tech n iq u e , Table 
6 . At the lower s tr a in s  the sample of f a i le d  f ib re s  i s  so sm all, (about 1 -3 ), 
th a t  th e  e r ro rs  are  very s ig n if ic a n t .  A p ro p o rtio n  o f the  carbon f ib re s  were 
broken befo re  fa b r ic a tio n  o f the com posites, and although th e re  were no 
undecorated f ib re s  in  the u n s tra in ed  specimen, (o f  s im ila r  appearance to  
Fig. 77 ( a ) ) ,  a p o ss ib le  e r ro r  o f -1  broken f ib re  has been assumed fo r  the 
o th er specimens. This e r ro r  margin has been app lied  to  th e  numbers o f  
f ib re  breaks in  Table 6 in  the  c a lc u la tio n  o f th e  p ro b a b ili ty  o f  f a i lu r e  o f 
a 100/xm leng th  o f f ib re  a t  each s t r a in .  The estim ated  range o f p ro b a b il i ty  
i s  r a th e r  la rg e  when th e  number o f broken f ib re s  i s  sm all, and extends to  
zero fo r  a s in g le  f ra c tu re d  f ib r e .  These estim ates  should th e re fo re  be 
regarded as upper bounds on the  p ro b a b ili ty  o f f a i lu r e .
2-3-14 Thermally induced s tr a in s
At some p o in t during the  cooling o f a hyb rid  composite a f t e r  cu rin g , 
the re s in  m atrix  s o l id i f i e s  and th e r e a f te r  on fu r th e r  coo ling  s t r a in s  are . 
induced to  the d i f f e r e n t ia l  co n trac tio n s  o f f ib r e  and m atrix . The e f fe c t iv e  
’’s o lid i f ic a t io n "  tem perature w i l l  g en era lly  be lower than  e i th e r  p re -c u re  o r 
p o s t-cu re  tem perature so some re la x a tio n  would be expected to  occur in  the  
re s in  as i t  coo ls. For th e  lam inated hybrids i t  was p o ss ib le  to  measure 
these re s id u a l therm al s tr a in s  d ire c t ly  by using  unbalanced lam inates which 
curved on cooling . This method was no t however s u ita b le  fo r  the  w et-lay -up  
composites because i t  i s  p a r t ic u la r ly  s e n s i t iv e  to  the th ick n ess  o f th e  p l i e s ,  
which in  th ese  composites were n o t uniform . In stead  expansion c o e f f ic ie n ts  
were measured se p a ra te ly  fo r  grp a n d c frp , from which an upper bound fo r  the  
therm al s t r a in  i s  estim ated .
The two unbalanced lam inates con tained  two p re-p reg s  each o f E- 
g lass  and HMS-or HTS-carbon f ib r e ,  and were moulded and cured, in  th e  same 
way as the o th e r lam inates. During the p o s t-cu re  and subsequent coo ling  they  
were h e ld  f l a t  by a w eighted p la te  in  o rder to  reproduce th e  co n d itio n s  in  a 
balanced hybrid  which would no t bend. T h e ir th ickness (nom inally 0 .5  mm) 
was a comprise chosen to  give a high r a t io  o f length  to  th ick n ess  (^ 4 0 0 ) 
and e a s i ly  measured rad ius o f cu rv a tu re , w hile m inim ising e r ro rs  in troduced  
by v a r ia tio n s  in  p ly -th ic k n e ss . A fte r  cu ring , th e  lam inates were cu t in to  
5 s t r ip s  and the  d e f le c tio n s  o f the  cen tres  o f each from a p lane  su rface  were 
measured, arid used to  c a lc u la te  th e  rad ius o f cu rvatu re  by sim ple geometry, 
assuming the bending to  be uniform , and end e f fe c ts  n e g lig ib le .  The bending
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beam theory  was used to  'd e riv e  the average te n s i le  compressive s tr e s s  
which would e x is t  in  each p ly  i f  the lam inate were he ld  f l a t  as i t  would 
be in  a balanced co n s tru c tio n . A sm all co rre c tio n  fo r  volume f ra c t io n  was 
app lied  to  these  s tr e s s e s  befo re  c a lc u la tin g  re s id u a l therm al s t r a in s  based 
on measured te n s i le  moduli fo r  s im ila r  com posities. The c o e f f ic ie n t  o f 
v a r ia tio n  is  about 101, and i s  m ostly due to  p ly  th ickness v a r ia t io n s .  The 
therm al s t r a in  mismatch A i s
1.04 x 10 3 fo r  HTS carbon/E -glass
0.93 x 10 3 fo r  HMS carbon/E -glass
The f ra c t io n  o f the mismatch which appears as compression in the  
carbon-ply in  a balanced hybrid  i s  the r a t io  o f g la ss -p ly  to  t o t a l  hybrid  
s t i f f n e s s  as shown in  Fig. 78.
The carbon-ply compression is  
~ %  A £ t  / /
and th a t  p a r t  o f the hybrid  e f f e c t  which can be a t t r ib u te d  to  therm al 
s t r a in  i s  l i s t e d  in  Table 4, and in d ic a ted  by th e  s o l id  p o rtio n s  o f the  
bars in  F ig. 22.
Theimal expansions of the  w et-lay-up  composites were measured 
in  th e  f ib re  d ire c tio n  w ith  a Da Pont theimo-mechanical an a ly se r in  the  
range 30° C - 200° C, Fig 79. Both HMS and HTS carbon composites behave
very n e a rly  l in e a r ly ,  b u t th e  g lass  composite shows s ig n if ic a n t  n o n - lin e a r i ty
near the  l im it  tem peratures. B e s t - f i t  s t r a ig h t  l in e s  to  th ese  curves, give 
the expansion c o e f f ic ie n ts  fo r
8rH1II X IQ’ 6 K -1
= - 0 .9 1 X i c f 6
i—
1 1
= 1 0 .6 0 X 10- 6
i—
1 1
The f re e z in g - in  tem perature was no t measured, b u t i t  cannot 
exceed the  p o s t-cu re  tem perature o f 150° C, so in  cooling to  the  t e s t  
tem perature o f  25° C the maximum p o ssib le  tem perature d iffe ren ce  At  i s  
125° C. The maximum therm al s t r a in  d i f f e r e n t ia l  c a lc u la te d  from
) A T
(where and are 
cfrp  and grp therm al expansion c o e ff ic ie n ts )  is  1.43 10 fo r  the  HTS 
carbon/E -glass h y b rid s . V ir tu a lly  a l l  th i s  s t r a in  mismatch i s  accommodated 
by compression in  the carbon f ib re  component, s in ce  in  a l l  the  w et-lay -up  
specimens, the g lass  f ib re  co n trib u tes  more than 951 o f the  s t i f f n e s s ,  making
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in  p ro p e r tie s ,
The expansion c o e f f ic ie n t  o f  the composites fa b r ic a te d  w ith  the  
two types o f carbon f ib re  are only 10% d if f e r e n t .  Although these  values 
are fo r  a w et-lay -up  system, they in d ic a te  a maximum s t r a in  d i f f e r e n t ia l  
in  carbon/carbon lam inated hybrids o f 13 x lO- 1^, which can be ignored 
s ince  i t  i s  an o rder o f magnitude le s s  than the  ty p ic a l  s c a t te r  in  f a i lu r e  
s t r a in .
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DISCUSSION
3-1 INTRODUCTION
This d iscu ss io n  o f th e  experim ental r e s u l ts  i s  d iv ided  in to  two 
p a r t s ,  considering  f i r s t  th e  fa c to rs  which in flu en ce  th e  s tre n g th  o f carbon 
f ib re  re in fo rc e d  composite, bo th  as p a r t  o f a hybrid  com posite, and in  
i s o la t io n .  A s t a t i s t i c a l  model provides the b e s t  d e sc rip tio n  o f th e  carbon 
f ib re  re in fo rc e d  component o f a l l  th e  h y b rid  composites te s te d ,  and i s  able 
to  r e la te  th e i r  s tren g th s  to  th a t  o f s in g le  f ib r e s .  The s tre n g th s  o f a l l -  
carbon f ib re  composites are below those expected from th e  model, and the  
v a r ia t io n  w ith  the  s iz e  o f specimen follow s an opposite tre n d . This s u g g e s t s  
t h a t  th e  h y b r id  e f f e c t  a r i s e s  from a f a i l u r e  to  r e a l i s e  th e  f u l l  p o t e n t i a l  
s t r e n g t h  o f  th e  f i b r e s  in  a l l - c a r b o n  f i b r e  c o m p o s i t e s , r a t h e r  than from a 
enhancement o f  t h e i r  s t r e n g t h  in  th e  h y b r id s .
The second p a r t  o f the d iscu ss io n  i s  concerned w ith  the phenomen­
o lo g ic a l aspects  o f the f a i lu r e s  in  the  h y rb id  com posites, and considers  the  
fa c to rs  which in flu en ce  th e i r  m acroscopic p ro p e rtie s  a f t e r  th e  f i r s t - f a i l u r e  
in  the carbon f ib re  re in fo rc e d  component.
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5 -1  S'i'KbNb'iH UF 'IHb COMPOSITES
5-2-1 The in flu en ce  o f re s id u a l therm al s tr a in s
The r e s u l ts  from th e  lam inated hybrid  specimens ‘ show a tre n d  
o f in c rea s in g  carbon-ply  f a i lu r e  s t r a in  as the  f ra c t io n  o f th e  c ro ss -se c tio n  
re in fo rc ed  w ith  carbon f ib r e ,  P , i s  decreased , F ig. 22 and Table 4. The 
re s id u a l theim al compressive s t r a in  in  the carbon-ply follow s a s im ila r  
tre n d , Fig. 78 and Table 4, and immediately suggests i t s e l f  as an explana­
t i o n  b u t fo r  two reasons i s  found to  be inadequate . F i r s t ly  the therm al 
s t r a in s  estim ated  from the  bending o f th e  tw o-ply unbalanced lam inates are 
too sm all, on average by a fa c to r  o f  4.5 (c o e f f ic ie n t  o f  v a r ia t io n  ~  20%) 
fo r  the  HTS-carbon/glass hybrids w ith  a s in g le  carbon p re -p re g , and by a 
fa c to r  o f 6 .8  (c o f v  ~75%) tak in g  a l l  the HTS lam inates to g e th e r . There i s  
a s im ila r  b u t somewhat sm alle r ( ^ x  5) d iscrepancy in  the  case o f  th e  HMS- 
carbon /g lass  h y b rid s . In  th e  HMS/HTS carbon f ib re  system the  therm al s t r a in  
is  n e g lig ib le  in  comparison w ith  the  t o t a l  h y b rid  e f f e c t  observed. The 
maximum therm al compressive s t r a in  estim ated  fo r  th e  divided-tow  hybrids i s  
about 45% h ig h er than th a t  fo r  the lam inated h y b rid s , most probably  because 
i t  was c a lc u la te d  from expansion c o e f f ic ie n ts  and assumed no re la x a tio n  in  
the re s in  as the  composite was allowed to  cool slowly from the  p o s t-c u re  
tem pera tu re , ( i . e .  i t  i s  an upper bound v a lu e ) . Even so , i t  can only 
account fo r  roughly 12% o f the  30% o r more hybrid  e f f e c t .  I t  i s  recognised  
th a t  es tim atio n  o f  re s id u a l s t r a in s  from therm ally  induced bending is  
p a r t ic u la r ly  s e n s i t iv e  to  the dimensions and p ro p e r tie s  o f the  two p l i e s ,  
and th a t  a le ss  o p tim is tic  value can be c a lc u la te d  from the  expansion c o e f f i ­
c ie n ts  o f w et lay-up  grp and c frp  and th e  p o s t cure tem perature fo r  th e  
lam inated system. This in creases  the estim ated  maximum s t r a in  from 1 .0  x 
10.^ to  1.2 x  10 b u t th is  h ig h er s t r a in  value i s  s t i l l  some 2\ tim es too
sm all. The therm al expansion o f  the  c f ip  and in  p a r t ic u la r  g rp , i s  non­
l in e a r ,  F ig. 29, b u t maximum g rad ien ts  were taken fo r  the expansion c o e f f i ­
c ie n ts . Although the measurements and estim ates  o f therm al s t r a in  have 
th e i r  shortcom ings, i t  i s  u n lik e ly  th a t  they are in  e r ro r  by a f a c to r  as 
g re a t as 2\ to  In the  l a t e r  s e c tio n s  o f  th is  d iscu ssio n  where the  carbon- 
f ib re  s t r a in  i s  req u ired , th i s  has been obtained  from th e  apparent s t r a in  by 
su b tra c tin g  the a n tic ip a te d  therm al compression c a lc u la te d  from the  b e s t  
experim ental measurement fo r  the  ap p ro p ria te  fa b r ic a tio n  method.
The second reason therm al s t r a in s  f a i l  to  exp la in  th e  h y b rid  
e f fe c t  i s  because they vary only w ith  P , and n o t w ith  d isp e rs io n . The 
hybrid  e f f e c t  in  the lam inated hybrids in creases  by about 10 % fo r  a f a c to r  
of 4 in c rease  in  d isp e rs io n  a t  a constan t Pc o f about 0 .3 , F ig . 22, and
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aim ougn tn is  in c rease  i s  r a tn e r  sm all and comparable w ith  the ty p ic a l  
s c a t te r  o f  the r e s u l ts  ( ~  1%), i t  appears to  be a c o n s is te n t tre n d . This 
inadequacy is  more obvious in  the case o f the  a ll-c a rb o n  f ib re  lam inates 
where th e re  i s  a 331 change in  f a i lu r e  s t r a in  over a 12 fo ld  range o f th ic k ­
ness (o r d isp ers io n ) in  the absence o f therm al s t r a in s .  I t  i s  c le a r  th a t  
the  a c tu a l values o f hyb rid  e f f e c t  (based on the  d e f in it io n  e a r l ie r )  are 
c r i t i c a l l y  dependent on th e  datum which i s  the f a i lu r e  s t r a in  o f th e  a l l ­
carbon f ib re  c o n tro l. This was n o t co n stan t b u t showed a s ig n if ic a n t  
v a r ia t io n  w ith  specimen th ic k n e ss , so th a t  i t  might be b e t t e r  to  express the  
d iffe ren ce s  in  f a i lu r e  s t r a in  o f th e  carbon f ib re  in  the  hybrids in  terms of 
the  tren d s  observed as Pc and d isp e rs io n  are changed. This i s  the  approach 
adopted in  F ig . 81 when considering  s t a t i s t i c a l  aspects o f the  s tre n g th  o f 
the  c frp .
3-2-2 Energe t i c  and dynamic co n sid e ra tio n s
The l in e a r  e l a s t i c  f ra c tu re  m echanics, and s im p lif ie d  bounding 
approaches, based on the co n sid e ra tio n  o f the energy changes which occur 
a t  f ra c tu re  i n i t i a l l y  appeared capable, a t  l e a s t  q u a l i ta t iv e ly ,  o f ex p la in ­
ing th a t  p a r t  o f  the hyb rid  e f f e c t  which could n o t be accounted fo r  by 
re s id u a l therm al s t r a in s :  consider a ty p ic a l  carbon f ib r e  composite specimen 
which con tains a sh o rt ’crack* extending r ig h t  through i t s  th ic k n e ss . Assum­
ing fo r  the moment th a t  the c r i t i c a l  energy re le a se  r a te  fo r  p ropagation  o f 
the  crack i s  a co n s ta n t, and a fu n c ito n  only o f the c o n s ti tu t io n  o f the  
com posite, the crack would grow when th e  energy re le a se  r a te  exceeded th is  
value . With a constan t t e n s i le  loading ap p lied  to  the specimen th e  energy 
re le a se  r a te  would in c rease  as the crack grew, thus rem aining above th e  
c r i t i c a l  v a lu e , and the  f a i lu r e  would be c a ta s tro p h ic . S tr ic t ly ,  in  the
displacem ent c o n tro lle d  te n s i le  t e s t s  performed in  th i s  work a co n s tan t load
was n o t m aintained during f a i lu r e ,  b u t the in c rease  in  compliance a s so c ia te d  
w ith  the  form ation o f  a sm all crack would be minimal in  comparison w ith  the
o v e ra ll  compliance of a ty p ic a l  specimen, and i t  i s  j u s t i f i a b l e  to  s im p lify
the  argument by assuming th e  load app lied  to  th e  reg ion  o f th e  crack i s  
co n s tan t. Now i f  a s im ila r  specimen con ta in ing  a crack was bonded between 
two g la ss  f ib re  p l ie s  which do n o t f ra c tu re ,  as in  a h y b rid  specimen , the  
re la x a tio n  o f  the m a te r ia l around th e  crack would be r e s t r i c t e d .  The g la s s - 
p l ie s  would support some o f the  load which would otherw ise be p laced  on th e  
u n fa ile d  carbon f ib re  ahead o f the crack , and whether o r n o t th e re  i s  delam ina­
tio n  a t  th e  ca rb o n /g lass-p ly  in te r f a c e ,  the crack opening and the  re le a se  o f 
s t r a in  energy would be decreased. The energy re le a se  r a te  in  th e  hyb rid  
would be le s s  than in  the a ll-c a rb o n  specimens, and a h ig h e r ap p lied  load 
would be req u ired  to  propagate a crack o f given s iz e .  This id ea  o f
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h y b rid  w ith  delam ination a t  th e  in te r fa c e s  between p l i e s .  Thicker g la s s -  
p l i e s ,  and th in n e r  ca rb o n -p lies  would both in c rease  th e  c o n s tr a in t ,  thereby 
decreasing  the  energy re le a se  r a te  a t  given s t r a in s  and crack s iz e s ,  and 
th is  q u a l i ta t iv e ly  agrees w ith  the  trends observed in  th e  hyb rid  e f f e c t .  
Higher s tr a in s  would be req u ired  to  propagate s im ila r  cracks in  la rg e r  a l l ­
carbon composite bodies, which i s  in  agreement w ith  experim ent. These trends 
would, be expected i f  the  carbon f ib r e  composite had a f ix e d  i n t r i n s i c  crack 
s iz e ,  b u t m icroscopic evidence p o in ts  to  a f a i lu r e  mode in  which successive  
f ib re  f ra c tu re s  accumulate in  groups o f in c reas in g  s iz e ,  one o f  which even t­
u a lly  propagates c a ta s tro p h ic a lly . The co n tro l o f t h e i r  s tre n g th  by o th e r 
d e fec ts  i s  d iscussed  l a t e r .
While th is  reasoning  can be extended to  sm aller cracks which may 
no t be immediately ad jacen t to  th e  g la s s - p l ie s ,  th e re  w i l l  be e f fe c t iv e  
c o n s tra in t  only i f  a s ig n if ic a n t  p ro p o rtio n  o f th e  cracks have s t r a in  f ie ld s  
which in te r a c t  w ith  the  g la s s -p l ie s .  In  the  case o f s in g le  broken f ib re s  
the s t r a in  f i e ld  i s  r e s t r i c t e d  to  o th er f ib re s  in  the immediate v ic in i ty ,  
and th e  r e la t iv e ly  remote g la s s -p lie s  would be expected to  have b u t l i t t l e  
in flu en c e . There i s  no experim ental evidence from aco u s tic  em ission 
m onitoring  or microscopy th a t  the g la s s -p lie s  in flu en ce  th e  d e n s ity  o f carbon 
f ib re  f ra c tu re s  a t  any given s t r a in  below the f i r s t  macroscopic f a i lu r e  of 
the  c frp . I t  i s  th e re fo re  reasonable to  assume, fo r  the  moment, th a t  a t  
equal s tr a in s  the  d is t r ib u t io n  o f i n t r i n s i c  crack s iz e s  w i l l  be the  same 
fo r  a l l  the hybrids and a ll-c a rb o n  com posites. But i f  the  presence o f the  
g la s s -p lie s  i s  to  have any s ig n if ic a n t  co n stra in in g  e f f e c t  on the  c rack s, they 
would have to  be la rg e  enough to  in te r a c t  w ith  the  p ly  s tru c tu re .  For th i s  
to  occur they would need to  be o f s im ila r  s iz e  to  the carbon-ply  th ic k n e ss , 
and i t  i s  u n lik e ly  th a t  d efec ts  o f such a s iz e  would n o t have been d e tec ted  
by naked eye, or under the microscope!
Although no s u b - c r i t ic a l  cracks have been found w ith  dimensions 
th a t  approach the  th ick n ess  o f  even a s in g le  p re-p reg  carbon-ply  (0.125 mm) 
i t  i s  s t i l l  p o ss ib le  th a t  such cracks do e x is t ,  and i t  would be in s t r u c t iv e  
to  consider how th e i r  propagation  might be in fluenced  by the  p rox im ity  o f  
th e  g la s s - p l ie s .  I t  was beyond th e  scope of th is  work to  develop a d e ta i le d  
e n e rg e tic  model fo r  the propagation o f a v a r ie ty  o f s iz e s  and lo c a tio n s  of 
cracks. In s tead  a s im p lif ie d  bounding approach was developed fo r  lam inates 
fo llow ing th a t  o f .Avestan & Sillwood (7) , and th is  i s  con tained  in  Appendix 
2. Only the assumptions and p re d ic tio n s  o f the model w i l l  be considered  here 
to  h ig h lig h t th e  major drawbacks o f the approach. The t o t a l  energy change
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o f a tra n sv e rse  carbon-ply  fractu re), i s  equated to  the  sum o f th e  en erg ies  
req u ired  to  c re a te  th e  tra n sv e rse  and delam ination cracks, and the  energy 
d is s ip a te d  by th e  s l id in g  which occurs a g a in s t th e  f r i c t io n a l  s t r e s s  a t  the 
delam ination in te r f a c e .  The co n fig u ra tio n  o f the f in a l  s ta te  i s  th a t  
i l l u s t r a t e d  in  F ig . 25. This assumes th a t  the tra n sv e rse  f ra c tu re  and 
delam inations are  in d iv is ib le  p a r ts  o f  a s in g le  f a i lu r e  mechanism. But 
th is  i s  in  c o n f l ic t  w ith  th e  model developed e a r l i e r ,  which considered  the 
energy changes fo r  an increm ent in  the leng th  o f  the  delam ination crack as 
a sep a ra te  independent even t, which follow ed a tra n sv e rse  f ra c tu re .  The 
bounding approach o v e r-s im p lif ie s  f a i lu r e  by considering  only beginning 
and end s ta t e s ,  and i t  i s  obviously in c o n s is te n t to  have a model which 
assumes th a t  a tra n sv e rse  f ra c tu re  has occurred , and then  considers the 
en e rg e tic s  o f delam ination , w hile  a t  the same time adopting an approach which 
considers the  tra n sv e rse  f ra c tu re  and delam ination as in sep a rab le . Although 
the sequence o f events in  the development o f a carbon-ply f a i lu r e  has n o t 
been observed, i t  seems u n lik e ly  th a t  the carbon-ply  f ra c tu re  and 
delam inations would occur as sep a ra te  even t. R ather, a crack would propagate 
across the  w idth o f the  carbon-ply , w hile th e  delam inations grew sim ultan ­
eously along th e  in te r f a c e .  At an in term ed ia te  s tage  th e  f ra c tu re  would 
appear s im ila r  to  F ig . 80.
The la s e r  moire work, which* was performed a f t e r  th e  an a ly s is  
in  App. 2, shows th a t  delam inations can be propagated a t  loads below th a t  
req u ired  to  f ra c tu re  th e  carbon-p ly , ( in  a l l  b u t one in stan ce ) .' The 
exception  was the  6-1-6 lamina g la ss /c a rb o n /g la ss  specimen in  which m u ltip le  
f ra c tu re s  o f the  carbon-ply occurred  befo re  delam ination a t  the end o f the  
carbon-ply . This might simply be because the  sh ear s t r e s s  co n cen tra tio n  a t  
th e  p ly ’s end i s  le s s  than a t  a f ra c tu re  where th e re  are e f f e c t iv e ly  two ends 
b u tte d  to g e th e r . From th is  i t  i s  concluded th a t  delam ination i s  e n e rg e tic a lly  
favourable in  i t s  own r i g h t  befo re  carbon-ply  f ra c tu re ,  so th e re  i s  j u s t i f i c a ­
tio n  fo r  d ea lin g  w ith  the delam ination as a sep a ra te  phenomenon., This does 
n o t n e c e s s a r i ly  mean' th a t  the carbon-ply  f ra c tu re  i s  p o ss ib le  w ithou t some 
degree of delam ination , although th is  may be th e  case. The bounding 
approach fo r  the  carb’on-ply f a i lu r e  s t r a in  which i s  considered  n e x t, has to  
assume, th e re fo re , e i th e r  ( i)  the tra n sv e rse  f ra c tu re  occurs w i t h  no 
d e la m in a t io n ,  or ( i i )  th a t  the f u l l  e x t e n t  o f delam ination observed a f t e r  
f a i lu r e  i s  necessary  to  allow th e  f a i lu r e  to  proceed. This second approach 
has been adopted in  App. 2.
I t  i s  recognised th a t  the bounding approach i s  crude, b u t i t  i s
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in  the  carbon-ply  a t  a l l  s tages up to  the  f in a l  s ta te  o f a complex tra n sv e rse  
f ra c tu re  w ith  delam inations, in  o rder to  deteim ine the  p o in t a t  which the 
p ropagation  is  c r i t i c a l ,  and in flu en ced  by the  g lass  p l ie s .  I t  was hoped 
th a t  the bounding approach would show s im ila r  trends to  th e  r e a l  behaviour, 
and in  genera l i t  does, in d ic a tin g  increased  f a i lu r e  s t r a in s  fo r  th in n e r 
ca rb o n -p lies  and th ic k e r  g la s s -p l ie s .  I t s  major shortcoming i s  th a t  i t  
p re c ic ts  f a i lu r e  a t  v i r tu a l ly  zero s t r a in  fo r  long leng ths o f  specimen when 
th e re  are no g lass  p l ie s !  When the carbon-ply i s  th ic k  and the g la s s -p lie s  are  
th in ,  f a i lu r e  i s  obviously going to  be s im ila r  to  the a ll-c a rb o n  case , and 
w i l l  be determ ined by some o th e r f a i lu r e  mechanism which i s  v i r tu a l ly  
independent o f the  g la s s - p l ie s ,  rep re sen tin g  an a d d itio n a l h ig h er bound.
The model i s  a lso  p a r t ic u la r ly  s e n s i t iv e  to  the  values o f f ra c tu re  energy, 
and makes a m ajor approximation in  ignoring  shear deform ations in  the  p l ie s  
around th e  f ra c tu re .  These are probably the  two fa c to rs  which are resp o n sib le  
fo r i t  p re d ic tin g  f a i lu r e  s tr a in s  above those observed. Because some o th e r 
model i s  req u ired  to  exp la in  the  i n t r i n s i c  s tre n g th  o f the carbon f ib r e ,  
the bounding approach does n o t o f fe r  much in s ig h t in to  th e  mechanism lim itin g  
the s tre n g th  in  h y b rid s , bu t i t  i s  reassu rin g  th a t  num erical ev a lu a tio n  
confirms the trends which are in tu i t iv e ly  expected. Although th e  p re d ic te d  
s t r a in s  are too h igh , they are o f s im ila r  magnitude to  th e  ac tu a l f a i lu r e  
s t r a in ,  which means the  co n s tra in in g  in flu en ce  of the  g la s s -p lie s  could be an 
im portant fa c to r  governing the .propagation o f cracks in  the carbon-p ly . The 
an a ly s is  can be used w ith  g re a te r  confidence fo r  the case o f  a p re -e x is t in g  
crack in  the  co n fig u ra tio n  depected in  Fig. 80 which f i t s  the  model p re c is e ly .  
I t  would then dem onstrate the in flu en ce  o f the p ly -th ick n esse s  on the load 
req u ired  to  propagate the  crack. This i s  o f  in te r e s t  where p l ie s  o f g lass  
f ib re  are in te r le a v e d  w ith  carbon f ib re  p l ie s  in  a crack -stopp ing  r o le ,  
because i t  in d ic a te s  th a t  as w ell as a c tin g  as b a r r ie r s  to  carbon-ply  cracks 
in  the  th rough-th ickness d ire c tio n , they could a lso  r e s t r i c t  crack  p ropagation  
w ith in  an in d iv id u a l p ly . This d iscu ss io n  i s  however p rim a rily  concerned w ith  
the i n i t i a t i o n  o f the . crack, ra th e r  than th e  in flu en ce  o f p ly - s t ru c tu re  on 
i t s  p ropagation .
The arguments, developed above apply in  p r in c ip le  eq u a lly  w e ll to  
the divided-tow  hybrids s ince  i t  i s  s t i l l  apparen tly  tru e  th a t  th e re  are  no 
such s u b - c r i t ic a l  cracks la rg e  enough to  in te ra c t  w ith  the  g la s s - p l ie s .  
However, as the  s iz e  o f  the  carbon f ib re  re in fo rced  elem ent i s  reduced 
fu r th e r  th e re  w i l l  come a p o in t where the  la rg e s t  groups o f f ib r e  f ra c tu re s  
w il l  in te r a c t  w ith  the g la s s - p l ie s ,  which could then have a s ig n i f ic a n t  
in flu en c e . The microscopy o f th e  spread-tow  hybrids suggests t h a t ,  a t  
s tr a in s  ty p ic a l  fo r  f a i lu r e  in  the lam inated and divided-tow  com posites,
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the la rg e s t  in d iv id u a l groups o f carbon f ib re  f ra c tu re s  would be in  the  
range 1-3. Therefore c o n s tra in t by the g lass  f ib r e ,  and s ig n if ic a n t  
enhancement o f f a i lu r e  s t r a in  would only be expected fo r  bundles o f carbon 
f ib re  o f comparable s iz e .  I t  was n o t p o s s ib le , experim en tally , to  compare 
the s tre n g th s  o f such sm all bundles when te s te d  on th e i r  own, or in co rp o r­
ated  in to  a g lass  f ib re  composite. But i t  i s  n o tio n a lly  p o ss ib le  to  compare 
sm all bundles surrounded by g lass  f ib r e ,  w ith  s im ila r  bundles surrounded 
by o th e r carbon f ib r e s ,  b y  comparing th e  spread-tow  hybrids w ith  a ll-c a rb o n  
non-hybrid com posites, s in ce  th e  l a t t e r  are e f fe c t iv e ly  j u s t  an assemblage 
of a la rg e  number o f sm all bundles. The h ig h er modulus carbon f ib re s  would 
have a g re a te r  c o n s tra in in g  in flu en ce  than lower modulus g lass  f ib r e s ,  and 
the bundle surrounded by carbon f ib re s  would thus be expected to  f a i l  a t  a 
h ig h er s t r a i n . .  This i s  n o t th e  case! The comparison makes th e  e r ro r  o f 
assuming th a t  th e  f ib re s  surrounding th e  sm all bundles are  n o t them selves 
broken, and a p roper an a ly s is  becomes the  s t a t i s t i c a l  problem d iscussed  l a t e r .  
The s t a t i s t i c a l  an a ly s is  assumes th a t  th e  f ib re s  have a f ix e d  d is t r ib u t io n  
o f  flaws which determ ine th e i r  s tre n g th  a t  any given gauge le n g th , and r e l a t e s  
th is  d is t r ib u t io n  to  th e  s tre n g th  d is t r ib u t io n  fo r  the com posite. Extending 
the id ea  o f c o n s tra in t to  the  flaws in  in d iv id u a l f ib r e s ,  i t  becomes apparent 
th a t  s tro n g , s t i f f  m a te ria ls  in  th e i r  immediate environment could s ig n i f ­
ic a n tly  in c rease  the  s tr e s s  a t  which they become c r i t i c a l  and cause th e  f ib re  
to  f ra c tu re .  In  p ra c tic e  th is  i s  probably a minor co n s id e ra tio n  in  view o f 
o th e r approximations made by the  s t a t i s t i c a l  model. Aveston’s and S illw ood’s 
(7) an a ly s is  o f the f ra c tu re  o f s in g le  f ib r e s  suggests ' a lower bound 
f a i lu r e  s t r a in  of 0.011 fo r  f ib re s  which debond from th e  m atrix , and 0.004 
fo r  the  e l a s t i c  case, w ithout debonding, so the  s tre n g th  o f the  bond to  the  
m atrix  could a lso  be im portan t.
So f a r  the behaviour o f a crack has only been considered  fo r  a 
s i tu a t io n  where i t  grows r e la t iv e ly  slow ly in  comparison w ith  the  speed o f 
sound in  th e  m a te r ia l, in  which case the  s t r a in  d is t r ib u t io n  i s  to  a l l  in te n ts  
and purposes id e n t ic a l  to  th a t  in  s t a t i c  load ing . In r e a l i ty  the  growth o f 
the  crack i s  rap id  and c a ta s tro p h ic , and the dynamic loads may be s ig n i f ­
ic a n tly  d if f e r e n t .  Two observations provide evidence fo r  t h i s .  When a l l -  
carbon composite specimens f a i l  they are o ften  fragmented by two o r more 
f ra c tu re s  p erpend icu lar to  t h e i r  a x is , and freq u en tly  linked  by lo n g itu d in a l 
s p l i t t i n g  p a r a l le l  to  the  f ib re s .  The p re c ise  sequence o f such a f a i lu r e  i s  
no t known, b u t i t  i s  c le a r  th a t  the  sudden re le a se  o f s t r a in  energy gives 
r i s e  to  t ra n s ie n t  loads which exceed the m a te r ia ls  ’ s tre n g th  in  se v e ra l 
p la c e s . The m u ltip le  cracking in  the  lam inated hybrids norm ally occurred  
a t  su ccess iv e ly  h ig h er lo ad s, bu t o ccas io n a lly  th is  p a tte rn  was broken and
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Fig. 30. The n e t r e s u l t  o f the  f i r s t  crack and i t s  accompanying delamina- 
tio n s  was to  reduce the  load a t  which continued s tr a in in g  caused th e  second 
crack. Thus, any load- induced weakening a t  the  p o s it io n  o f th e  second 
crack i s  in fe r re d  to  be the  r e s u l t  o f a t r a n s ie n t  overloading which was o f 
too sh o rt a d u ra tio n  to  be recorded by the  load measuring system. The 
presence o f g lass  f ib re  p l ie s  in troduces an in te r fa c e  which might r e f l e c t  and 
r e f r a c t  s t r e s s  waves by reason o f th e  aco u s tic  impedance mismatch, and reduce 
the  dynamic loading . A hybrid  e f f e c t  could a r is e  as follow s: I f  a sm all
crack suddenly occurred w ith in  a carbon f ib re  re in fo rc e d  composite i t  would 
b r ie f ly  o v e rs tre ss  th e  surrounding m a te r ia l (by a maximum fa c to r  o f 1.27 
in  the 2-D case (46) ) which would be more l ik e ly  to  f a i l ,  allow ing the  
crack to  propagate . I f  p a r t i a l l y  surrounding the crack w ith  g lass  f ib re  
reduced the  temporary o v e rs tre ss in g , th e  p ro b a b ili ty  o f  continuous crack 
propagation  would be reduced. Hedgepath (46) estim ates  a maximum o f 21% 
o v e rs tre s s , so even i f  th is  was com pletely removed by the  g la s s - p l ie s ,  i t  
would only r e s u l t  in  a 21% hybrid  e f f e c t .  Allowing fo r  theim al s t r a in s  th is  
could b a re ly  account fo r  the  hyb rid  e f fe c ts  observed, and in  any case i t  i s  
d i f f i c u l t  to  conceive how g la s s -p lie s  r e la t iv e ly  remote from th e  sm all crack 
could have such a profound e f f e c t .
To summarise, in  th e  case o f lam inated and divided-tow  h y b rid s , any mechanism 
o f s t r a in  enhancement which involves th e  in te ra c t io n  between th e  s t r a in  f i e ld  
o f a s u b - c r i t ic a l  crack in  the  c frp  and the  grp in  a hyb rid  i s  u n lik e ly , 
because the  la rg e s t  cracks observed are too sm all, and in  the  main too remote 
fo r  the  in te ra c t io n  to  be s ig n i f ic a n t .  When the  carbon f ib re s  are d isp e rsed  
as sm all bundles, as in  the spread-tow  h y b rid s , such in te ra c t io n s  should be 
considered , bu t s t a t i s t i c a l  fa c to rs  become dominant.
3-2-3 A s t a t i s t i c a l  explan a tio n  of the s tr e n gth  o f composites
A s t a t i s t i c a l  approach follow ing th a t  o f  Harlow and Phoenix (39) 
w i l l  be used to  r e la te  the  s tre n g th s  o f a l l  the  composites a t  f i r s t  f a i lu r e  
o f the  c f rp , to  the s tren g th s  o f s in g le  f ib re s  u sing  a s in g le  model. This 
enables the r e s u l ts  as a whole to  be compared w ith  the  th e o re t ic a l  p re d ic tio n s  
o f t h e i r  s tre n g th , and to  account fo r  th e  d iffe ren c es  in  s tre n g th  o f the  
c frp  component in  the  various hybrid  lam inates.
The c frp  component o f the h y b rid s , the a ll-c a rb o n  lam in ate , and 
the  s in g le  f ib re s  are considered in  the model to  be composed o f  a number o f 
sh o rt segments o f  f ib r e ,  combined ap p ro p ria te ly  in  s e r ie s  and /o r p a r a l l e l  to  
model continuous f ib re s  and p a r a l le l  bundles re sp e c tiv e ly . The s t a t i s t i c a l
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might be governed by the  number o f such elements i t  co n ta in s. The volume 
dependence o f the  s tre n g th  o f the  c frp  phase o f th e  composites i s  shown in  
th e  W eibull p ro b a b ili ty  graph, F ig. 81. In th is  graph th e  n a tu ra l  logarithm  
of th e  ca rb o n -fib re  f a i lu r e  s tr e s s  (measured in  GPa) is  p lo t te d  ag a in s t the 
n a tu ra l  logarithm  o f th e  t o t a l  number o f elements contained in  th e  body being  
considered. The f ib re  f a i lu r e  s tr e s s  has been c a lc u la te d  from the  f a i lu r e  
s t r a in  of the  com posite, (having ap p lied  an app rop ria te  c o rre c tio n  fo r  the 
therm ally  induced compression in  the carbon f ib r e ) , b u t the n e g lig ib le  
co n tr ib u tio n  o f  the  re s in  m atrix  ( ~ 3 I )  has been ignored. There are two 
h o r iz o n ta l axes which are l in e a r  in  In  ( - In  (1 -p ) ) ,  where p i s  the p ro b a b ili ty  
of f a i lu r e ,  and in  In (mn) , where m and n are  the  number o f elem ents in  
s e r ie s  and p a r a l l e l  re sp e c tiv e ly . The o r ig in  o f  th e  In (mn) ax is  co incides 
w ith  the  p = 0.5 p o s it io n  so th a t  a curve showing the  dependence on th e  f ib re  
s tr e s s  can a lso  be in te rp re te d  as a curve o f median f ib re  f a i lu r e  s t r e s s  w ith  
re sp e c t to  the  number o f elements (mn). The b a s ic  element has been chosen to  
be a lOOyUm leng th  o f a s in g le  f ib r e ,  so m i s  simply the  number o f such 
lengths in  the  gauge len g th , and n i s  the  number o f f ib r e s .  The m atrix  i s  
ignored , although i t s  behaviour i s  im p lic i t  in  the  form ulation  o f th e  load 
sharing  ru le . This b a s ic  u n i t  i s  the t r a n s f e r  or in e f fe c t iv e  len g th  in  th e  
s t a t i s t i c a l  model, and th e  value o f 100/un, which approxim ately corresponds 
to  the  to t a l  leng th  o f debonding observed a t s in g le  f ib re  f ra c tu re s  in  the  
spread-tow  h y b rid s , F ig. 71, was chosen, to  allow experim ental curves to  be 
compared d i r e c t ly  w ith  Harlow and Phoenix p re d ic tio n s  w ithou t the need fo r  
t r a n s la t io n .  The value i s  somewhat a rb i tr a ry ,  b u t i t  i s  convenient because . 
i t  a lso  corresponds to  th e  average leng th  o f f ib re  in  which breaks can be 
d e tec ted  by the  e le c t r o ly t i c  d eco ra tion  technique. A b e t t e r  es tim a te  would 
need to  consider th e  non-unifoim  load  on th e  f ib re  w ith in  the  in e f fe c t iv e  
len g th , b u t th is  i s  unwarranted s in ce  th e  s t a t i s t i c a l  model assumes uniform  
o v e r-s tre s s in g  w ith in  th e  leng th . The e f f e c t  of d i f f e r e n t  in e f fe c t iv e  leng ths 
can be seen by t ra n s la t in g  th e  curves in  F ig . 81 h o r iz o n ta lly  by a s h i f t  f a c to r  
(In  (o r ig in a l  in e f fe c t iv e  length/new in e f fe c t iv e  le n g th )) .
The way in  which the  th e o re t ic a l  p re d ic tio n s  o f  s tre n g th , and 
the experim ental r e s u l ts  fo r  conposites and. s in g le  f ib r e s , have been com­
bined in  a s in g le  p re se n ta tio n  w i l l  be described  n ex t, befo re  consid e rin g  
the r e s u l t s  as a whole.
S ingle f ib re  s tre n g th s  were measured a t  only two gauge le n g th s , 
and th e i r  mean s tren g th s  are p lo t te d  in  Fig. 81. In both cases n = 1, and 
m i s  100 o r 500 fo r  10 mm and 50 mm gauge lengths re sp e c tiv e ly . W eibull
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oenaviour nas Deen assumed in  p lac in g  a s t r a ig h t  l in e  through the  p o in ts ,  
and th i s  p a r t  o f th e  graph i s  the  eq u iv a len t o f F ig . 57, except th a t  len g th  
i s  expressed  in  teim s of the in e f fe c t iv e  len g th , and is  a lso  s im ila r  to  a 
90° counter clockwise ro ta tio n  o f F ig. 12 where f ib re  load  is  p resen ted  
as a non-dim ensional q u an tity  /^0 . The load ax is is  logarithm ic  and so 
th is  s c a lin g  can be accomplished by a v e r t ic a l  t r a n s la t io n  o f - In  (o“o) in  
Fig. 81, w ith o u t changing th e  shape of th e  curves s ince
^  ( %-a ) ^ [<ra )
As most o f  th e  d a ta  in  Fig. 81 are experim ental, s tr e s s e s  have been l e f t  in  
(GPa) , and th e  p re d ic tio n s  from Harlow and Phoenix have been t r a n s la te d  
accordingly .
The g rad ien t o f the  l in e  fo r  s in g le  f ib re s  i s  a measure o f the  
v a r ia b i l i ty  o f  f ib r e  s tre n g th  a t  a given len g th , and th e  W eibull modulus 
w ^ 7  i s  ty p ic a l  of good q u a lity  f ib re s  (Moreton (45) ) ,  and corresponds to  
a c o e f f ic ie n t  o f  v a r ia tio n  o f about 201. There i s  an e r ro r  margin o f  about 
5% in  the  f ib re  s t r e s s ,  in troduced  by u n c e rta in ty  in  th e  measurement o f  the  
f ib re  d iam eter, b u t th is  is  n o t in d ic a te d  as i t  i s  probably n e g lig ib le  in  
comparison w ith  d ev ia tio n s  from W eibull behaviour over two decades o f gauge 
leng th . Mo re to n ' s da ta  fo r  3 gauge leng ths (45) in d ic a te  about 10% v a r ia t io n  
p e r decade. ■
The spread-tow  r e s u l ts  were p lo t te d  by a somewhat d i f f e r e n t
procedure u sing  the  p ro b a b i l i t ie s  o f  f a i lu r e  given in  Table 6, and the
p ro b a b ili ty  a x is . The h o riz o n ta l e r ro r  b ars  fo r  the two p o in ts  a t  low est
s tr e s s  extend to  in f in i ty  in  the low p ro b a b ili ty  d ire c tio n  because the
estim ated  range o f p ro b a b ili ty  includes ze ro ,so  th a t  they may be considered
to  in d ic a te  upper bounds on th e  p ro b a b ili ty  o f f a i lu r e .  At h ig h er s tr e s s e s
where th e re  are more f ib r e  breaks the  e r ro rs  are sm alle r, and here  they span 
1 6.a f a c to r  of 5, (e * ) , each way to  allow fo r  the  spread in  the  depth to
which the deco ra tion  technique i s  e f fe c t iv e ,  e r ro rs  in  e s tim a tin g  the  sample 
s iz e  from which th e  p ro b a b i l i t ie s  were c a lc u la te d , and e r ro rs  a r is in g  from 
the  choice o f  in e f fe c t iv e  leng th . The e r ro rs  in  s tr e s s  are  about 10% com­
p r is e d  o f  2% in  s t r a in  measurement, 8% from o th e r sources such as the  
modulus value and th e  d iscoun ting  o f m atrix  c o n tr ib u tio n s , and are com­
p a ra tiv e ly  sm all (0 .1  In u n i t ) .
The divided-tow  re s u l ts  were en tered  on Fig. 81 by tak in g  th e  
mean crack spacing as the e f fe c tiv e  length  o f bundle being te s te d  a t  any
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obtained  from th e  curves in  F ig. 53 to  which a c o rre c tio n  based on the 
most c lo se ly  spaced 10V o f c racks, has been app lied  to  allow fo r  th e  reduc­
tio n  in  carbon bundle s tr e s s  in  th e  region o f each carbon f ra c tu re .  [The 
r e s u l ts  fo r  the  600 f ib re  bundles have n o t been included  because o f the  
d i f f i c u l t i e s  in  counting the  numbers o f  c racks.) For th ese  hybrids m i s  the 
number o f 100 /im leng ths in  the  mean crack spacing , and n i s  the  number o f 
f ib re s  in  th e  bundle.
The mean f ib re  s tr e s s  a t  the  f i r s t  carbon-ply f a i lu r e  i s  p lo t te d  
as a s in g le  p o in t fo r  each lay-up sequence of the  sandwich co n stru c tio n  
hy b rid s . Here m is  the gauge leng th  expressed in  terms o f th e  in e f fe c t iv e  
len g th , i . e .  10 , and n i s  the  t o t a l  number o f  carbon f ib re s  in  the  h y b rid , 
about 12,000 fo r  each 10 mm wide s t r i p  o f a s in g le  la y e r  o f p re -p reg . The 
number o f p re -p reg  laminae in  the  carbon-ply i s  a lso  in d ic a te d  in  F ig. 81, 
and the  v e r t ic a l  spread  r e f le c t s  the  d iffe ren ces  in  f a i lu r e  s t r a in  between 
hybrids w ith  d if f e r e n t  numbers o f  g lass  lam inae, which remain even a f t e r  
co rrec tio n s  fo r  therm al s tr a in s  have been app lied . The a ll-c a rb o n  lam inates 
are en te red  in  a s im ila r  manner.
F in a lly  the  composite s tre n g th  p re d ic tio n s  from Harlow and Phoenix 
(39) fo r  values o f w = 7, 10, 15 have been tra n s fe r re d  from F ig . 12. The 
median f ib re  s tre n g th  and median composite s tre n g th  should co incide fo r  a 
s in g le  elem ent, i . e .  a t  In (mn) = o , and th is  i s  the case in  F ig . 12.
However, the f ib re  s tre n g th  p lo t te d  in  F ig. 81 i s  the  mean s tre n g th , which 
accounts fo r  the sm all discrepancy in  the  in te rc e p ts  on the s t r e s s  a x is . At
the median f ib re  s tre n g th  the p ro b a b ili ty  o f f a i lu r e  i s  0 .5
g iv ing  o-s  = I -  ( -  £y\ ( ) )
in  the W eibull d is t r ib u t io n ,  whereas the  mean s tre n g th  i s  given by eq( 7 ) .  
For th e  value o f  w o f in te r e s t  here , th e  d iffe ren ce  i s  r a th e r  sm all because
the d is t r ib u t io n  i s  reasonably sym m etrical, as shown by F ig. 55. T ran s la tin g
the curves p re d ic tin g  composite s tre n g th  in  th is  way e f fe c t iv e ly  norm alises 
them to  the  median s tre n g th  of a s in g le  f ib re  one in e f fe c t iv e  len g th  long, 
and the  fa c t  th a t  the load ax is uses u n its  o f (GPa) i s  sim ply a convenience 
fo r  en te rin g  and comparing experim ental d a ta  in  these u n i ts .
There are a number o f q u a lif ic a tio n s  and p o in ts  o f  i n t e r e s t  
r e la t in g  to  the  way in  which the data  have been p lo t te d  in  F ig. 81, and th ese  
w il l  be d iscussed  a f te r  f i r s t  o u tlin in g  the more im portant fe a tu re s  o f  th e  
r e s u l ts  which are brought out by th is  p re se n ta tio n . The curves and
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anu eAptjjLjjiieiiui-L pom es can De in te rp re te d  in  two ways; as showing th e  
p ro b a b ili ty  o f f a i lu r e  o f a s in g le  element a t  various f ib re  s tr e s s e s  and 
in  a v a r ie ty  o f s iz e s  o f com posite, o r a l te rn a t iv e ly  as curves g iv in g  the  
median s tre n g th  o f an assemblage o f elements making up a s in g le  f ib r e  or 
composite body.
The m ajor achievement o f th i s  p re se n ta tio n  i s  to  b r in g  to g e th e r  
on a s in g le  l in e  in  F ig. 81, a l l  the  r e s u l ts  fo r  hyb rid  com posites, and the  
e x tra p o la te d  s tre n g th  fo r  s in g le  f ib r e s .  In  view o f the  very wide range in  
the  in d iv id u a l volumes o f c frp  rep resen ted  by these  r e s u l t s ,  about 5\ decades 
the tre n d  (dashed l in e  in  F ig . 81) can be accepted w ith  some confidence as 
convincing evidence o f w eakest l in k  behaviour in  the  c frp  phase. In  ad d itio n  
the slope  o f  the  experim ental curve, g iv ing  th e  v a r ia t io n  o f c f ip  s tre n g th  
w ith  volume, agrees exceedingly w ell w ith  those p re d ic te d  by the  s t a t i s t i c a l  
model o f  Harlow and Phoenix.
As a more general observation  the s tre n g th s  o f  a l l  the  composites 
are g re a te r  than th a t  o f  the s in g le  f ib r e ,  and th e re  i s  a tre n d  towards a 
g re a te r  r a t io  o f  composite to  f ib re  s tre n g th  as the  s iz e  o f th e  composite i s  
in c reased . With the exception o f th e  a l l  carbon lam inates (and p o ss ib ly  the  
spread-tow  hybrids) the s tre n g th  o f the c frp  i s  le ss  v a r ia b le  (w — 25) than 
th a t  o f s in g le  f ib re s  (w ^  7 ). (The W eibull modulus w = - 1 /g ra d ie n t.)
Data fo r  a l l  th e  hybrids l i e  between the  p re d ic tio n s  o f composite 
s tre n g th  fo r  w = 10-15, w ith in  the estim ated  margins o f e r ro r .  In  c o n tra s t ,  
the  a ll-c a rb o n  lam inates show a tre n d  o f in c reasin g  s tre n g th  w ith  volume, 
and are s ig n i f ic a n t ly  below the tre n d  s e t  by the  h y b rid  r e s u l t s ,  and th e  
th e o re t ic a l  p re d ic a tio n s .
The r e s u l ts  from the hybrids define  a s tre n g th  tre n d  over approx­
im ately  51 decades o f specimen volume which i s  in  f a i r  agreement w ith  th e o r­
e t i c a l  p re d ic tio n s . The a l l - c a r b o n  la m in a te s  c o v e r in g  on ly  1 decade  o f  
volume are  s i g n i f i c a n t l y  weaker,  and do n o t  f i t  the  s t a t i s t i c a l  modeU The 
v a r i a t i o n  o f  th e  carbon f i b r e  f a i l u r e  s t r a i n  in  h y b r id s  can t h e r e f o r e  be  
e x p la in e d  as  a v o l u m e - r e la t e d  s i z e  e f f e c t  which f o l l o w s  th e  s t a t i s t i c a l  model  
However, the magnitude o f the  hyb rid  e f f e c t ,  as defined  e a r l i e r ,  i s  m ainly 
dependent on the a rb i tr a ry  choice o f an a ll-c a rb o n  f ib re  composite c o n tro l,  
whose s tre n g th  i s  determ ined by o th e r fa c to rs .'
Although th e re  i s  good agreement ( in  the case o f th e  h y b rid  
composites) between the  experim ental and p red ic te d  v a r ia t io n  o f s tre n g th
w ith  volume, the ac tu a l s tren g th s  in  th e  hybrids are  somewhat g re a te r  than
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picuiL-tcu. iijuus i^>, pciiictps, nuL s u rp r is in g  as a numoer o t approximations 
and assumptions have been made in  both  experim ent and theory . The 
rem ainder o f  th is  d iscu ss io n  on s tre n g th  w i l l  examine th ese  more c r i t i c a l l y ,  
and w i l l  a lso  propose an exp lanation  fo r  the  apparent weakening o f th e  a l l ­
carbon lam inates. Suggestions are made, where a p p ro p ria te ,fo r  fu r th e r  
experim ental work to  p rovide improved inform ation  .on which to  base the  
s t a t i s t i c a l  model, o r to  extend th e  range o f s tru c tu re s .  This i s  e s s e n t ia l ly  
an open-ended ex e rc ise  as the  s t a t i s t i c a l  approach can be app lied  in  p r in c ip le  
to  any carbon f ib re  composite of i n te r e s t .  S ig n if ic a n t improvement upon the 
p re se n t d a ta  would involve a s u b s ta n tia l  programme to  r e f in e  and extend 
techniques fo r  the  fa b r ic a t io n  and te s t in g  o f sp e c ia liz e d  com posites, n o t 
n e c e s sa r i ly  hy b rid s .
The p re se n ta tio n  o f  the experim ental r e s u l ts  in  the p ro b a b ili ty  
graph, F ig. 81, has th re e  aims: to  l in k  the behaviour o f a l l  th e  hybrids
in  o rder to  dem onstrate the  tre n d  towards lower s tre n g th  w ith  in c reased  
volume, to  show th a t  th e  a ll-c a rb o n  composites d ev ia te  from th is  tre n d , and 
to  r e la te  the  s tre n g th  o f  c frp  in  th e  hybrids to  the  f ib r e  s tre n g th . The 
degree o f confidence p laced  in  th e  s tre n g th  tre n d  in  the  hybrids depends on 
a number o f fa c to rs .  The s tre n g th s  of the  cfrp  in  lam inated hybrids w ith  
a co n stan t carbon-ply th ick n e ss , b u t d if f e r e n t  th icknesses o f g la s s - p l ie s ,  
fo llow  a c o n s is te n t upward tre n d  as the r a t io  o f g lass  to  carbon f ib r e  i s  
in creased . The d iffe ren ces  are. sm all ‘ and comparable w ith  the  ty p ic a l  
s c a t te r  about th e  mean fo r  a given geometry ( ~  1%), bu t they  rank in  c o rre c t 
o rder in  a l l  b u t two cases. Three exp lanations are  considered  l ik e ly .  The 
co rrec tio n s  fo r  therm al s tr e s s  could be too sm all, in  which case applying a 
g re a te r  c o rre c tio n  would draw the  p o in ts  to g e th e r , and lower them g e n e ra lly . 
The e r ro r  estim ates  could be too  sm all, and the  ranking fo r tu i to u s ,  i . e .  no 
tren d . Or the tre n d  could be r e a l ,  and a r e s u l t  o f a more su b tle  in te ra c t io n  
between th e  g lass  and c a rb o n -p lie s , p o ss ib ly  involv ing  f ib r e  alignm ent, 
(d iscussed  l a t e r ) .
The curves fo r  the  divided-tow  hybrids embody a very  la rg e  number 
o f in d iv id u a l f ra c tu re s  o f the carbon bundle, ( ~  100) and show f a i r l y  
smooth behaviour,. F ig. 51. These r e s u l ts  have been co rrec ted  to  allow  fo r  
the leng th  which becomes u n s tre ssed  a t each f ra c tu re .  This c o rre c tio n  i s  
based on th e  average spacing o f the 10$ most c lo se ly  spaced cracks and i s  
somewhat a r b i t r a r y ,  b u t i t  i s  e f fe c tiv e  in  sep a ra tin g  th e  curves. This 
procedure may cause th e  in c rease  in  curvatu re  a t the  high s t r e s s  ends o f 
the  curves as p lo tte d  in  F ig . 81 because the co rre c tio n  becomes in c re a s in g ly  
s e n s i t iv e  to  th e  e f fe c tiv e  leng th  re lie v e d  o f load as the  number o f  cracks
in c re a se s . Although i t  i s  n o t very obvious in  F ig . 81, th e  slope o f the
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icjlcilj,ycxy iLx«ix^iiL luwer p u m o n s  ox xnese curves in creases  w ith  the 
bundle s iz e ,  w ith  w -  21, 28, 35 fo r  1620, 3620, and 10,000 f ib r e  bundles 
re sp e c tiv e ly , co n tra ry  to  the  tre n d  o f decreasing  slope p re d ic te d  by Harlow 
and Phoenix which in d ic a te s  decreasing  v a r i a b i l i ty  as th e  volume o f the 
composite in  in creased . This could a lso  be a r e s u l t  o f the  c o rre c tio n  
ap p lied , or i t  could r e f l e c t  a tru e  in c rease  o f v a r i a b i l i ty  in  the  la rg e r  
bundle s iz e ,  caused fo r  example, by some p a r ts  o f  the  tow being s la c k e r  and 
d ev ia tin g  s in u s o id a lly  from th e  specimen ax is .
The considerab le  u n c e r ta in ty  in  the  estim ates  fo r  th e  p ro b a b ili ty  
o f f a i lu r e  in  the spread-tcw  hybrids could a f fe c t  the p o s it io n  o f  th ese  
r e s u l ts  in  r e la t io n  to  the  o th e r h y b rid s . This i s  u n fo rtu n a te  because 
they cover th e  p o rtio n  of th e  experim ental curve between th a t  o f the  d iv ided- 
tow r e s u l t s ,  and th e  p re d ic te d  s tre n g th  o f  th e  s in g le  f ib r e s ,  (which is  
i t s e l f  su b je c t to  considerab le  e r r o r ) . The geometry o f th e  carbon f ib r e  
lay e r in  the spread-tow  hybrids i s  somewhat d if f e r e n t  from th a t  assumed in  
the  Harlow and Phoenix model because i t  i s  f a i r l y  continuous in  one d ire c t io n ,  
a lb e i t  w ith  s u b s ta n tia l  v a r ia tio n s  in  the volume f ra c tio n  o f f ib r e ,  w hile i t  
ranges in  th ick n ess  from 0 to  a maximum o f about 10 f ib re  diam eters in  th ic k ­
ness . The convergence l im it  fo r  W (cr) i s  reached fo r  bundles o f about 5 o r 9 
f ib re s  when th e  W eibull modulus fo r  th e  f ib re s  i s  10 and 5 r e s p e c tiv e ly , so 
i t  i s  c le a r  th a t  th e re  are s u b s ta n tia l  areas where the  la y e r  i s  e s s e n t ia l ly  
2-dim ensional in  terms o f the s t a t i s t i c a l  model. Although Harlow and 
Phoenix do n o t s p e c i f ic a l ly  p re d ic t the expected s iz e s  o f  groups o f broken 
f ib r e s ,  the number o f f ib re s  a t which W (t ) e f fe c t iv e ly  converges does give 
some in d ic a tio n . When th e  th ickness o f a la y e r  approaches the s iz e  o f groups 
o f f ib re  breaks dev ia tio n s from the  3-D. model might be expected. E m p irica lly  
th inn ing  and widening o f the lay e r  can be seen to  reduce th e  number o f  over­
s tre s s e d  carbon f ib re s  a sso c ia ted  w ith  each f ib r e  f ra c tu re  wuthout changing 
th e  t o t a l  number o f f ib re s  involved, and th i s  would reduce the  ’w eakest l i n k ’ 
c h a ra c te r is t ic s  o f the  composites cdf fo r  f a i lu r e .  Put another way, d i s ­
t r ib u t in g  th e  f ib re s  as a th in  la y e r  reduces the  opportun ity  fo r  f ra c tu r e  to  
p ropagate from one a rea  to  ano ther, and the la y e r  w il l  behave as a number o f 
sm aller bundles o f f ib r e s .  In  p ra c t ic e  th e  r e s in - r ic h  areas and m isa lig n ­
ment o f th e  f ib re s  a lso  tend  to  sep a ra te  them in to  sm all bu n d les, F ig . 49. 
N otw ithstanding th ese  q u a l i f ic a t io n s ,  th e  technique does o f fe r  the  o p p o rtu n ity  
o f in v e s tig a tin g  a w ider range o f p ro b a b ili ty  o f  f a i lu r e  in  hybrids o f the  
same b a s ic  geometry, provided th a t  more m a te r ia l can be examined to  g ive a 
more r e l ia b le  estim ate  o f the lower p r o b a b i l i t ie s .  Somewhere between a 100 
and 1000 fo ld  in c rease  in  th e  sample o f f ib re s  would be req u ired  to  p rov ide 
u se fu l data, a t  s im ila r  p ro b a b ili te s  o f f a i lu r e  as fo r  the  lam inated h y b rid s , 
and th is  could be accomplished by in co rp o ra tin g  a g re a te r  number o f
94
s im ila r ly  spread g la s s - f ib r e  tows. This type o f hyb rid  would a lso  be of 
considerab le  in t e r e s t  because the  lim ite d  debonding p o ss ib le  would give 
r is e  to  a f a i lu r e  mode d if f e r in g  considerab ly  from th a t  o f lam inated 
hybrids w ith  a r e la t iv e ly  coarse p ly -s t ru c tu re .
I t . i s  r a th e r  o p tim is tic  to  hope th a t  e x tra p o la tio n  o f s in g le  f ib r e  
s tren g th s  to  gauge leng ths two orders o f  magnitude sm alle r w i l l  give a t ru e  
estim ate  o f s tre n g th  a t  the 100 //m in e f fe c t iv e  le n g th , b u t th e re  was 
in s u f f ic ie n t  time in  the schedule o f o th e r experim ental work to  develop 
apparatus capable o f measuring f ib re  s tre n g th s  d i r e c t ly  a t  these  very  sh o rt 
gauge len g th s . Even i f  th e  s in g le  f ib re  s tre n g th s  do follow  a W eibull 
d i s t r ib u t io n ,  which o th e r workers (Moreton (4 5 ), M etcalfe and S chnitz  (43 ), 
and H itchon and P h i l l ip s  (52)) suggest i s  u n lik e ly , i t  i s  q u estio n ab le  w hether 
th e  s tre n g th s  measured in  is o la t io n  are re p re se n ta tiv e  o f  those  r e a l is e d  
in  a composite where the f ib re s  are c lo se ly  packed to g e th e r . I t  i s  p o ss ib le  
th a t  sim ply p u ll in g  a f ib r e  from the tow cuases su rface  damage. This 
procedure a lso  favours the e x tra c tio n  o f s tro n g e r f ib r e s .  The p ro p o rtio n  o f 
f ib re s  broken w hile being p u lle d  from the  tow and mounted on cards fo r  te s t in g  
was only about 101, and most o f those  were the  r e s u l t  o f clumsy m anipulation  
r a th e r  than in t r i n s i c  weaknesses in  th e  f ib r e .  Only 2% o f  c o r re c tly  mounted 
f ib re s  were a c c id e n ta lly  broken during  te s t in g ,  and again th is  only m arg ina lly  
favoured th e  s tro n g e r f ib r e s ,  i f  a t  a l l .  F u rth er d eg ra tio n  o f t h e i r  s tre n g th  
probably arose from ’c r in k lin g ' of the  glue spo ts ho ld ing  th e  f ib r e  to  the 
card which caused them to  be lo c a lly  m isaligned w ith  the  t e n s i le  a x is . When 
the f ib re s  f a i le d  th e  whole gauge leng th  was u su a lly  l o s t ,  and i t  was n o t 
p o ss ib le  to  t e l l  i f  the g ripp ing  reg ions were lim itin g  s tre n g th . (Moreton 
(45) has te s te d  f ib re s  submerged in  damping f lu id  and i s  s a t i s f i e d  w ith  the 
method of f ix in g  f ib re s  to  the card .)
The comparison .o fp re d ic tio n s  fo r  the  s tre n g th  o f  composites w ith  
the s in g le  f ib re  s tren g th s  in  F ig. 81 assumes th a t  th e i r  cd f i s  n o t a l te r e d  
by in co rp o ra tin g  them in  a c lose ly-packed  a rray  coupled by th e  r e s in  m a trix , 
w hile the  f ra c tu re  mechanics arguments suggest th a t  the s t r e s s  a t  which 
f ib re  flaw s become c r i t i c a l  w i l l  depend on th e i r  immediate environm ent.
Moreton (45) has shown th a t  many f ib r e  f ra c tu re s  are in ia te d  a t  su rface  
flaw s, ( ty p ic a lly  ^ m )  , and th ese  would be more su sc e p tib le  to  c o n s tra in t  
than in te rn a l  flaw s. Although the experim ent has no t been perform ed, i t  
would be q u ite  fe a s ib le  to  in co rp o ra te  s in g le  carbon f ib re s  in to  th in  g lass  
f ib re  lam inates in  a s im ila r  manner to  th e  divided-tow  h y b rid s , and to  s t r a in  
th ese  c lo se  to  th e  grp f a i lu r e  s t r a in  ( ~  0 .0 3 ), counting th e  number o f 
f ra c tu re s  a t  each s tag e  m icro sco p ica lly . U nfortunately  the grp would f a i l
before  the p ro je c te d  s tre n g th  o f the  100/wm gauge leng th  carbon f ib re s  was
reached, b u t P ig . 81 su g ests  th a t  th e  minimum spacing o f carbon f ib re
f ra c tu re s  a tta in a b le  would be about 7-12 in e f fe c tiv e  leng ths (0.7 - 1.2 mm), 
w ith  a maximum equal to  th e  gauge len g th , 100 mm. This would cover roughly 
two decades o f e f fe c t iv e  gauge le n g th , and would include th e  conventional 
s in g le  f ib re  r e s u l ts  spanning only a fa c to r  o f  5 range o f  gauge len g th . I f
o th e r aspects o f the  ex e rc ise  a ttem pting  to  r e la te  f ib re  s tre n g th  to
composite s tre n g th  were improved, i t  would be worthwhile to  develop th e  
techniques fo r  fa b r ic a tio n  and microscopy o f such embedded s in g le  f ib r e s .
*
The dashed curve drawn through the experim ental p o in ts  fo r  the  
hybrids in  F ig. 81 i s  of s im ila r  shape to  the  fam ily o f p re d ic tio n s  from 
Harlow and Phoenix (3 9 ), and by in te rp o la tio n  would co incide w ith  one o f 
these curves fo r  w — 12. The p re d ic te d  s tren g th  curve fo r  w — 7 (based on 
the s in g le  f ib re  te s ts )  l i e s  s u b s ta n tia l ly  below these experim ental r e s u l t s .  
Over th e  range o f (mn) fo r  which th e re  are experim ental r e s u l ts  the  s tre n g th  
curves are  f a i r l y  s t r a ig h t ,  ( in d ic a tin g  approximate W eibull behaviour) , and 
o f s im ila r  g ra d ie n t, so v i r tu a l ly  any p red ic te d  curve, in  th e  range w -  7-15 
would f i t  w ith in  the e r ro r  margins w ith  an app rop ria te  v e r t ic a l  s h i f t .  A 
r e la t iv e ly  sm all change in  th e  slope o f the  W eibull s t r a ig h t  l in e  through the  
s in g le  f ib re  r e s u l ts  could give such a s h i f t .  A lte rn a tiv e ly  the  )V= 7 curve 
could be made to  f i t  by a h o r iz o n ta l s h i f t  o f 5 In u n i t s ,  which i s  a 150 
fo ld  reduction  in  the  number o f  elements (mn). This can only be accomplished 
by a change in  the  in e f fe c t iv e  len g th , which would then  be 1.5 mm, s in ce  the 
number o f f ib re s  i s  f ix ed . Such a la rg e  in e f fe c t iv e  leng th  i s  n o t in  accord 
w ith  th e  observations o f debonding a t  is o la te d  f ib re  f r a c tu r e s ,  b u t i s  no t 
im p lau sib le  in  the  case o f la rg e r  groups o f f ib re  f ra c tu re s .  The s t a t i s t i c a l  
model, however, assumes a constan t in e f fe c t iv e  len g th , and th is  i s  one reason 
why the p re d ic tio n s  them selves could be in ap p ro ria te  fo r  th e  a c tu a l f a i lu r e  
mode observed. The model i s  a lso  u n r e a l i s t ic  in  i t s  assumption o f  a uniform  
o v e rs tre ss  in  the in e f fe c tiv e  le n g th , in  th e  adoption o f a very  lo c a lis e d  
load sh arin g  ru le ,  and is  approximate in  th a t  convergence i s  assumed fo r  ~  9 
f ib r e s ,  and because weak lin k  behaviour i s  assumed in  s c a lin g  G (<r) back to  
s in g le  f ib r e  s iz e  to  o b ta in  W (cr) fo r  the  various bundle s iz e s .  The a n a ly s is  
i s  based on a 3-D model, b u t the lam inated and spread-tow  hybrids are  to  some 
ex ten t 2-Dimensional in  n a tu re . Harlow and Phoenix have n o t y e t p u b lish ed  
r e s u l ts  fo r  a more wide ranging load sh arin g  r u le ,  b u t suggest th a t  th e  main 
e f f e c t  would be to  in c rease  the  number o f  f ib re s  req u ired  fo r  convergence.
Some o f th ese  p o in ts  could be reso lved  by ad d itio n a l experim en ta tion . 
The two most p roductive  areas would be a more accurate  de term ina tion  o f s in g le
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ij_ure b tre n g tn s , wnen te s te d  in  i s o la t io n ,  and a lso  in co rp o ra ted  in to  a 
g lass  f ib re  com posite, p a r t ic u la r ly  a t  s h o r t gauge le n g th s , and th e  in v e s tig a ­
tio n  o f a w ider range o f bundle s iz e s .  In  theory  the bundles could be te s te d  
in  i s o la t io n ,  sim ply as a t e s t  o f the s t a t i s t i c a l  model o f  composite s tre n g th , 
bu t in co rp o ra tin g  the bundles in to  hybrid  specimens has a number o f advantages. 
Not l e a s t  i s  the  r e la t iv e  ease o f f a b r ic a t io n , hand ling , and te s t in g ,  b u t 
h y b rid iz a tio n  a lso  allows a la rg e  number o f  f ra c tu re s  to  be observed in  a 
s in g le  specimen. O ther advantages are th e  reduction  o f su rface  e f f e c t s ,  ease 
o f s t r a in  measurement, and the  containm ent o f the f ra c tu re s  enab ling  the  
f ra c tu re  mechanism to  be deduced. There a re  in te re s t in g  p o s s ib i l i t i e s  fo r  
measuring th e  lower p ro b a b i l i t ie s  o f  f a i lu r e  by m onitoring the changes in  
e l e c t r i c a l  re s is ta n c e  in  the f ib re  d ire c tio n  during s tr a in in g . A red u c tio n  
in  th e  s c a t te r  and the  ex tension  o f th e  experim ental r e s u l t s  to  la rg e r  and 
sm aller bundle s iz e s  would be a check on th e  approxim ate’weak l in k ’behaviour 
which assumes th a t  changes in  volume a r is in g  from changes in  the  number o f 
f ib re s  o r in  th e  gauge leng th  are eq u iv a len t. I t  i s  a lso  conceivable to  
design an experim ent to  measure the  in e f fe c t iv e  len g th . I f  the s tre n g th  
o f th e  bond between th e  carbon f ib re s  and the  m atrix  i s  v a r ie d , fo r  example 
by s u ita b le  combinations o f re s in  system and le v e l  o f f ib r e  su rface  tre a tm en t, 
the leng th  o f debonding a t  carbon f ib re  f ra c tu re s  would be a l te r e d ,  and th is  
would change the number o f elements (mn) fo r  a given s iz e  o f composite body.
The s c a t te r  in  th e  p re se n t d a ta  would req u ire  a d iffe ren ce  in  (mn) o f  about
• 2two In u n i t s ,  o r a fa c to r  o f e - = 7.4 d iffe re n ce  in  e f fe c t iv e  len g th  fo r  
such an e f f e c t  to  be seen. I t  would be ra th e r  d i f f i c u l t  to  a l t e r  th e  debonded 
leng th  by such a la rg e  f a c to r ,  bu t i f  the s c a t te r  could be reduced a sm alle r 
d iffe re n c e  m ight be accep tab le .
To summarise, the already  good agreement between experim ent and the  
Harlow and Phoenix s tre n g th  p re d ic tio n s  could be fu r th e r  improved by con sid e ra ­
tio n  o f  th e  follow ing fa c to rs :
( i)  In accu ra te  e x tra p o la tio n  of s in g le  f ib re  s tre n g th s  to  sh o rt gauge leng ths 
where they  do n o t f i t  a W eibull d is t r ib u t io n .
( i i )  A d iffe ren ce  in  th e  v a r ia b i l i ty  o f f ib r e  s tre n g th  between f ib re s  te s te d  
in  i s o la t io n ,  and when surrounded by o th e r  f ib re s  in  a com posite.
( i i i )  Over s im p lif ic a tio n  of the  load r e d is t r ib u t io n  a t  f ib r e  f ra c tu re s .
(iv) The 2-Dimensional n a tu re  o f the hyb rid s.
(v) The f a i lu r e  mode where th e  in e f fe c t iv e  leng th  in c reases  w ith  th e  number 
o f ad jacen t fra c tu re d  f ib re s  in  a group, and which th e re fo re  does n o t f i t  
the assumptions o f the sim ple model.
These q u a lif ic a tio n s  do no t in v a lid a te  the conclusions th a t
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L±j sxrengrn o r tte re n c e s  between hybrids are simply the r e s u l t  of d iffe ren ces  
in  th e  volume o f th e i r  c frp  components, and ( i i )  th a t  th e  a ll-c a rb o n  lam inates 
do n o t r e a l i s e  the f u l l  p o te n t ia l  s tre n g th  o f the f ib r e ,  b u t are lim ite d  in  
s tre n g th  by some o th e r mechanism. P o ss ib le  reasons fo r  th is  weakening are 
d iscussed  n ex t.
The a ll-c a rb o n  lam inate s tren g th s  p lo t te d  in  F ig. 81 f i t  th e  
s t r a ig h t  l in e  drawn through them w ith  a c o r re la t io n  c o e f f ic ie n t o f  0 .9 1 , b u t 
i t  i s  u n lik e ly  th a t  th is  tre n d  can p e r s i s t  much beyond th e  decade range o f 
s iz e  s tu d ie d , because u ltim a te ly  as the specimen i s  reduced in  s iz e  i t  
becomes a s in g le  elem ent, whose s tre n g th  i s  given by the p ro je c te d  in te rc e p t  
o f the  s in g le  f ib re  r e s u l ts  on the s tre n g th  ax is . S im ila rly  th e re  must be 
an upper l im it  to  s tre n g th  as the  specimen volume is  in c reased , and i t  i s  
hard  to  see how th is  can be g re a te r  than the carbon f ib re  s tre n g th s  in  the 
h y b rid s , o r those rep o rted  fo r  la rg e r  s tr u c tu re s ,  (which are  s im ila r  to  th a t  
o f the  12- laminae carbon lam in a te ) . Indeed th is  lam inate was chosen as th e  
co n tro l because i t s  s tre n g th  appeared to  be ’ty p ic a l ’ o f  m anufac tu rers’ and 
o th e r w orkers’ r e s u l t s .  In the  absence o f theim al s t r a in s ,  s tre n g th  i s  
almost c e r ta in ly  lim ite d  by flaw s, and th e re  are in d ic a tio n s  th a t  a s p e c if ic  
weakening mechanism operates over the range o f th icknesses te s te d .
F i r s t  we may d iscoun t the  e f f e c t  of specimen bending through 
m isalignm ent in  the  te s t in g  machine as being the  source o f  s t r e s s  inhomo­
g e n e itie s  as la rg e  as the  s iz e  e f fe c ts  observed as the cu rva tu res  req u ired  
would be so la rg e  as to  be obvious. Apart from the  volume d iffe re n c e s  which 
do no t ex p la in  the  s iz e  e f f e c t  on a s t a t i s t i c a l  model, the  e f f e c t  could be 
r e la te d  to  d iffe ren ces  in  th ick n ess , su rface  a rea , c ro s s -s e c tio n a l a re a , o r 
the aspect r a t io  o f  the c ro ss -se c tio n . Any exp lanation  based on the probab- 
. i l i t y  o f th e re  being a flaw o f given s e v e r ity  on the  su rface  o r w ith in  the 
t e s t  p iece  would p re d ic t  a tre n d  o f opposite  d ire c tio n  to  th a t  observed.
The most probable exp lanation  involves a n 'in t r i n s i c  d e fe c t o f
co n stan t s iz e  whose weakening e f fe c t  depends on the th ick n ess  o f  the lam inate .
This d e fec t could be a volume o f m isaligned  f ib re  which would enhance the
the  g eneral s tr e s s  le v e l in  the surrounding m a te ria l where f ra c tu re  would
then be more probable, r a th e r  than i n i t i a t i n g  the f ra c tu re  i t s e l f .  In  the
fo llow ing an a ly s is  o f th is  s i tu a t io n  f ra c tu re  i s  s t i l l  assumed to  i n i t i a t e
and develop in  th is  o v e rs tre ssed  reg ion  by the accum ulation o f  f ib r e  f ra c tu re s
in  groups, one o f which u ltim a te ly  propagates c a ta s tro p h ic a lly  through the
se c tio n . The composite as a whole i s  th e re fo re  weakened according to  th e
• o v e rs tre ss  in  the reg ion  o f th e  d e fe c t. In o rder to  recognise  th e  e f f e c t iv e ly
2-Dimensional n a tu re  o f r e la t iv e ly  wide s t r i p  specimens cu t from th in  lam inates
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w idth equal to  the  th ickness o f  th e  lam inate t ,  F ig. 82. The d e fe c t i s  o f 
w idth t ,  and extends a depth s through the  th ick n ess . The lam inate as a 
whole can be considered  as a number o f such sec tio n s  coupled to g e th e r  by 
the m a trix . The m a te r ia l in  the  immediate v ic in i ty  o f the d e fe c t w i l l  
experience an o v e rs tre ss  which i s  r e la t iv e ly  independent o f  the  r e s t  of 
th e  lam inate. A very approximate estim ate  o f the  s t r a in  co n cen tra tio n  in  
the  unflawed p a r t  o f  the s e c tio n  can be made by r e d is t r ib u t in g  th e  e n t i r e  
load which would norm ally be c a r r ie d  by the d e fe c t, equally  over the 
rem aining a rea  o f the  square. The s t r a in  concen tra tion  is  then
K “ t/t-s
I f  u ltim a te  f a i lu r e  r e s u l ts  from th e  f a i lu r e  o f the o v e rs tre ssed  f ib re s  in  
th i s  sq u are , the  f a i lu r e  s t r a in  a t  th ickness t  i s
* A  K "  = (■' "  V )
where £ 0 is  the f a i lu r e  s t r a in  o f an unflawed lam inate. w i l l  in  f a c t  be 
the  same as th e  h y b rid ’s f a i lu r e  s t r a in  given by the s t a t i s t i c a l  model, and 
w i l l  change w ith  specimen s iz e ,  b u t fo r  the purposes o f th is  approximate 
a n a ly s is  i t  i s  assumed constan t because i t  changes much le s s  ra p id ly  than 
does th e  a ll-c a rb o n  composite f a i lu r e  s t r a in ,  F ig. 81. A graph o f v- t 
should be l in e a r  w ith  slope -<Ee s  , and in te rc e p t  E Cf and th is  i s  approx­
im ately  so (c o rre la t io n  c o e f f ic ie n t  0.93) as shown in  F ig . 83. The in t r i n s i c  
s t r a in  l im it  i s  0 .113, which i s  about 10% below th a t  o f  the  carbon f ib r e  in  
the lam inated hy b rid s . The estim ated  depth o f the d e fec t s i s  43/Am, o r 
about 5 f ib re  d iam eters. This is  s l ig h t ly  over one th i rd  o f the th ick n ess  
o f a p re -p reg  lamina. However, only s in g le  f ib re  f ra c tu re s  have been found 
in  th e  a ll-c a rb o n  lam inates even a f t e r  s tr e s s in g  to  f a i lu r e ,  so th e  d e fe c t i s  
u n lik e ly  to  be an accum ulation of f ib re  f ra c tu re s .  If, in s te a d , of a crack , 
the  s t r a in  concen tra tion  was caused by a region o f lower lo n g itu d in a l modulus, 
the d e fe c t would need to  be p ro p o rtio n a lly  la rg e r . The p re -p reg s  as su p p lied  
contained s lack  tows and p o rtio n s  o f tows which adopted a s in u so id a l a sp ec t 
when ro l le d  in to  the  sh e e t, and a lso  areas which con tained  sw orls o f loose 
f ib r e ,  both  o f  which gave r i s e  to  s u b s ta n tia l  regions o f lo c a l m is -o r ie n ta -  
t io n  in  th e  moulded com posite, such as those in  F igs. 20 and 28. The ty p ic a l  
m is -o rie n ta tio n  in  one o f these  areas i s  about 15°, and i t s  lo n g itu d in a l 
modulus would be reduced by up to  60% according to  c a lc u la tio n s  by Bishop 
(67) fo r  a s im ila r  f ib re  and re s in  com bination, Fig. 84. In  th is  case the  
depth o f  th e  d e fe c t would be p ro p o rtio n a lly  g re a te r ,  about 110/urn, or very 
n ea rly  the  th ickness o f a p re -p reg , and th is  i s  q u ite  p la u s ib le .  This v e iy  
approximate an a ly s is  is  in tended only to  dem onstrate th a t  a co n stan t s iz e  of
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d e fe c t, considerab ly  la rg e r  than th e  f ib r e s ,  bu t o f the  same order o f  
th ickness as the p re -p reg , could account fo r  th e  v a r ia t io n  o f s tre n g th  
w ith th ick n ess . The weakening i s  probably the r e s u l t  o f  m isaligned bundles 
o f f ib re  which are  a fe a tu re  o f th e  p re -p reg  m a te r ia l, although i t  i s  r a th e r  
su rp r is in g  th a t  they apparen tly  have such a profound e f f e c t ,  because by 
th e i r  n a tu re  the  t r a n s i t io n  between a ligned  and m isaligned  zones i s  g radual. 
There i s  some support fo r  th i s  mechanism of weakening in  the work o f Hughes, 
Morley and Jackson (53,54) who found comparable s tre n g th  d iffe ren ces  between 
im pregnated tows fa b r ic a te d  in  the u sual manner, and those  w ith  s p e c i f ic a l ly  
a lig n ed  f ib re s  moulded in  s h r in k - f i t  tub ing .
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5-3-1 F a ilu re  a t  the m icroscopic  le v e l
As in c re a s in g  s t r a in  i s  ap p lied  to  any o f the composites the  f i r s t  
m icroscopic f a i lu r e s  are is o la te d  f ra c tu re s  o f the carbon f ib r e s .  In  the 
828 epoxy system  debonding is  seen in  unloaded specimens between the  fra c tu re d  
f ib re  and the  m atrix , Fig. 71, and th is  almost c e r ta in ly  occurs a t  the  time of 
f ra c tu re .  S im ila r  observations were n o t p o ss ib le  in  Code 69 re s in  on account 
of i t s  c lo u d in ess . The load a t  which the  f ra c tu re  occurs, th e  co n fig u ra tio n  
of o th e r f ib re s  surrounding the  f r a c tu re ,  the  cond ition  o f  the  f ib re  m atrix  
in te r f a c e ,  and re s id u a l s tr a in s  in  the m atrix  are a l l  fa c to rs  which could 
deteim ine w hether o r no t th e  f ib re  debonds. However, i t  i s  n o t known which 
i f  any o f  th ese  i s  the  dominant f a c to r .  Where th e  f ib re  has n o t debonded 
th e re  i s  presumably an in ten se  p la s t i c  o r e l a s t i c  s t r a in  f i e ld  over a 
s im ila r  volume o f m a te r ia l, b u t th e re  i s  no in d ic a tio n  o f how the load 
d is tr ib u tio n s  in  the  f ib re  might d i f f e r  in  the bonded and debonded cases. I t  
i s  p o ss ib le  th a t  i n i t i a l l y  bonded f ra c tu re s  debonded a t  a l a t e r  s tag e  o f 
f a i lu r e .  As the  s t r a in  is  fu rth e r, in c reased , f ib  r e - f ra c tu re s  continue to  
occur in  i s o la t io n ,  b u t a lso  in  the  regions o v e rs tre sse d  by o th e r f ib re  
f ra c tu re s ,  and groups accum ulate, F ig. 71. In  a ll-c a rb o n  lam inates only 
s in g le  f ra c tu re s  have been observed using  the e le c t r o ly t ic  d eco ra tion  techn ique, 
and i t  may be deduced th a t  the maximum s iz e  o f a s ta b le  group i s  r a th e r  sm all, 
b u t in  the case o f  the  spread-tow  hybrids the carbon f ib re s  have fewer carbon 
f ib re  neighbours and the c o n s tra in t r e s u l t in g  from the  g lass  f ib re s  allows 
la rg e r  groups o f carbon f ib re  breaks to  occur befo re  c a ta s tro p h ic  p ropagation  
e n su es . No g lass  f ib re  f ra c tu re s  have been observed in  any o f the  h y b r id s , 
and th is  i s  the e s s e n t ia l  fe a tu re  which allows the p ro g ressiv e  m u ltip le  crack­
ing f a i lu r e  modes. Where th e re  i s  agroup o f carbon f ib re  f ra c tu re s  in  the 
spread-tow  hybrids th e re  i s  always debonding from the  m atrix , F ig. 71, and i t  
i s  more ex tensive  fo r  la rg e r  groups. I t  i s  no t c le a r  w hether the  in d iv id u a l 
debonds a t  each f ra c tu re  grow as more f ra c tu re s  add to  the  group o r w hether 
th e  debonded a rea  observed i s  a sheath  surrounding the whole group, w ith  
sm alle r debonds around each f ra c tu re d  f ib re  w ith in  the group. As a group of
f ra c tu re s  in creases  in  s iz e  the r a t io  o f th e  debonded su rface  a rea  to  the
volume i t  encloses d im in ishes, and the  debonding o f an o u te r  sheath  would be 
expected to  become p ro g ress iv e ly  la rg e r . There appears to  be a l im it  to  the  
debonding o f about 50/nm to  e i th e r  s id e  o f in d iv id u a l carbon f ib r e  f r a c tu r e s ,  
and th is  leng th  a lso  m anifests i t s e l f  as the ty p ic a l  sh o rt range fluctuation 
in  the in  the f ra c tu re  path  seen in  a lo n g itu d in a l s e c tio n  through a macro­
scop ic  carbon-ply f ra c tu re ,  Fig. 28, and a lso  as the p u ll-o u t  leng th  on a
fra c tu re  su rface . In the spread-tow  hybrids th ere  is  no c le a r  d is t in c t io n
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o f f ib r e  bund les, b u t in  the  case o f the  divided-tow  hybrids the bundle 
s iz e  i s  very  much la rg e r  than  the  c r i t i c a l  group o f f r a c tu r e s ,  and th e  
d is t in c t io n  i s  obvious, and th e  sheath  o f debonding surrounding th e  whole 
bundle, F ig . 48, i s  much la rg e r  (y 10 x) the  in e f fe c tiv e  len g th . This is  
presumably because the  carbon f ib r e  bundle f a i l s  e s s e n t ia l ly  as a s in g le  . 
ligam ent, re le a s in g  considerab ly  more s t r a in  energy than a s in g le  f ib r e .
A lso, th e  .shear f a i lu r e  occurs a t  an in te r fa c e  between grp and c frp  which 
i s  somewhat weaker (y 0 .7  x) than  th e  c f rp /c f rp  in te r fa c e  as measured in  
sh o rt beam in te rla m in a r  shear t e s t s ,  which could make a m arginal c o n tr ib u tio n  
to  in c reased  debond len g th . Most of the observations o f carbon f ib r e  
f ra c tu re s  were made in  th e  spread-tow  system , b u t th e  behaviour in  th e  o th e r  
composites i s  expected to  be very  s im ila r .
There i s  however a considerab le  d iffe ren ce  in  the amount o f crack­
ing in  the  two re s in  system s, being g re a te r  in  Code 69 F igs. 61, 62, than  in  
the 828 epoxy F igs. 65, 66. There i s  no evidence th a t  th e  m atrix  cracks 
s ig n if ic a n t ly  in flu en ce  the  lo n g itu d in a l s tre n g th , and th is  i s  no t expected 
since  th e  m atrix  rep re sen ts  le s s  than h a l f  the c ro s s -s e c tio n a l a re a , and i s  
roughly an o rder o f magnitude le ss  s t i f f .  For th is  reason th e re  i s  no d e te c t­
able modulus change accompanying the cracking. The main i n t e r e s t  in  th e  f in e  . 
m atrix  cracking is  i t s  co n trib u tio n  to  th e  aco u s tic  em ission, bu t even when 
th is  i s  com paratively sm all i t  i s  n o t p o ss ib le  w ith  the  p re se n t equipment to  
d is tin g u ish  between n o ise  emanating from f ib re  f ra c tu re s ,  debonding and 
delam ination , o r movement a t debonded in te r f a c e s .  I t  i s  u n lik e ly  th a t  aco u s tic  
em ission m onitoring could e a s i ly  be developed in to  a r e l ia b le  q u a n ti ta t iv e  
technique fo r  measuring th e  number o f  f ib r e  f ra c tu re s .  In  the  828 epoxy
system i t  i s  u se fu l as a sem i-q u an tita tiv e  in d ic a tio n  o f general a c t iv i ty  
a sso c ia ted  w ith  the  carbon f ib r e s .  I t  i s  in te re s t in g  to  no te  th a t  th e  m atrix  
cracks in  F ig. 65 are a p a r t ic u la r ly  good example o f the  m u ltip le  cracking  
phenomenon described  and analysed in  r e f s .  (18-26, 63). They i l l u s t r a t e  
near-random crack p o s itio n s  a t  low s t r a in ,  which become more uniform  as the 
s t r a in  i s  in c reased . There are many in stan ces  where se v e ra l cracks can be 
found roughly tw ice as c lo se ly  spaced as the  otherw ise f a i r l y  re g u la r  a rray .
The s h o r te r  m atrix  cracks are found a t  h ig h er s t r a in  in  accordance w ith  th e  
ideas o f  constra ined  cracking where a reg ion  of m atrix  i s  bounded by s t i f f  
f ib r e s .  The s h o r te r  cracks are more c lo se ly  spaced dem onstrating th e  e f f e c t  
o f the s h o r te r  t r a n s f e r  len g th . Although these f in e  m atrix  cracks appear to  
have l i t t l e  in flu en ce  on the te n s i le  s tre n g th  o f th e  com posite, they  could 
have u n d es irab le  e f fe c ts  on th e  m atrix  dominated p ro p e rtie s  such as sh ear 
modulus and s tre n g th , and they are  a lso  a c a p il la ry  pathway fo r  the  in g ress
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p a r a l l e l  w ith  the  d if fu s io n  path.. I t  has n o t been e s ta b lish e d  whether 
the la rg e r  m a trix  cracks in  the carbon la y e r  o f the  spread-tow  hybrids 
pass through the  f ib re s  beacuse they can only be seen c le a r ly  in  t r a n s ­
m itted  l ig h t  which does n o t show up f ib re  f ra c tu re s .  They appear to  be 
m ost common in  areas where th e re  are r e la t iv e ly  few carbon f ib r e s ,  and ' 
are probably  a sso c ia te d  w ith  la rg e  concen tra tions o f r e s in .  A more even 
d is t r ib u t io n  o f  f ib re s  would remove these  r e s in  r ic h  areas in  which the 
cracks f i r s t  appear, b u t a more e f fe c t iv e  way to  e lim in a te  them would be 
to  use a m atrix  w ith  h ig h er f a i lu r e  s t r a in  (G a rre tt and B ailey  (2 4 )).
3-5-2 Macroscopic  aspe c ts  o f f a i lu r e
The delam ination which accompanies f ra c tu re  o f the  c frp  i s  the 
m ajor fe a tu re  governing the  lo ad /ex ten sio n  behaviour. The sim ple ideas 
developed in  Chapter 1 to  p re d ic t  w hether o r n o t th e  f i r s t  f a i lu r e  o f th e  
cfrp  element w i l l  p r e c ip i ta te  c a ta s tro p h ic  f a i lu r e  o f th e  h y b rid  as a whole 
cannot be ap p lied  to  most o f the  hybrids in  th is  study because o f the  load 
drop which accompanies the delam ination in  displacem ent c o n tro lle d  loading .
For those hybrids in  which the  p ro p o rtio n  o f the hyb rid  re in fo rc e d  -with 
carbon f ib r e ,  Pc i s  g re a te r  than Pcc r i t  (th e  c r i t i c a l  value above which 
f a i lu r e  i s  expected to  be c a ta s tro p h ic ) , the  leng th  o f delam ination  i s  
g en era lly  la rg e , o ften  extending the  e n t i r e  gauge len g th , and consquently 
the load  drop i s  la rg e  and pre-em pts c a ta s tro p h ic  f a i lu r e .  The value o f Pcc r i t  
given by eq. ( 2 ) i s  24% o r 35% fo r  HTS- and HMS-carbon f ib r e /g la s s  f ib re  
hybrids re sp e c tiv e ly . Only the HMS/HTS- carbon lam inated hybrid  f a i le d  
c a ta s tro p h ic a lly , b u t in  th i s  case Pc was 5.5% and w ell below the p re d ic te d  
Pcc r i t  = 22%, so in  th is  system th e  lo c a lis e d  s t r e s s  co n cen tra tio n  a t  th e  
f ra c tu re  in  th e  HMS p ly  dominates the e f fe c ts  o f the general in c rease  in  n e t  
se c tio n  s t r e s s .  At the m icroscopic le v e l th is  means th a t  the  c d f ’s fo r  the  
f a i lu r e  s t r a in  o f both  types o f  carbon f ib re  overlap  s u f f ic ie n t ly  fo r  the  
crack to  propagate through bo th  w ithou t in te r ru p tio n , whereas the g la ss  f ib re  
cdf i s  high enough fo r  i t  to  be an e f fe c t iv e  b a r r ie r  to  p ropagation .
The number o f carbon-ply cracks and the ex ten t o f  th e  delam ination  
a t  each deteim ine the e f fe c t iv e  s t i f f n e s s  o f a h y b rid  and i t s  u ltim a te  s t r a in  
a t  f a i lu r e .  There i s  no evidence th a t  th e  f ra c tu re s  are in  any way d e trim en ta l 
to  the p ro p e r tie s  o f  th e g la s s -p lie s  which are expected to  f a i l  a t  a s im ila r  
u ltim a te  s t r a in  to  a l l - g la s s  com posites. The u ltim a te  s tre n g th  o f th e  g la s s -  
p l ie s  i s  l im ite d  by a mechanism involv ing  shear f a i lu r e  in  th e  r e s in ,  and fo r  
th is  reason has n o t been in v e s tig a te d  in  d e ta i l .  To p re d ic t  th e  lo a d /s t r a in  
behaviour o f a g lass /ca rb o n  hyb rid  i t  i s  necessary  ,to consider bo th  the  probab-
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discussed  above, and a lso  the r e d is t r ib u t io n  o f load in  th e  p l ie s  in  the  
delam inated re g io n ,’ which i s  considered n ex t.
The energy based model fo r  the leng th  o f a delam ination crack agrees 
reasonably w e ll w ith  experim ent over a r a th e r  lim ite d  range o f g la ss -p ly ' th ic k ­
ness in  lam inated hyrb ids con ta in ing  a s in g le  carbon f ib re  p re -p reg  lam ina, 
and the assumptions o f  load t r a n s f e r  between p l ie s  by a low shear s t r e s s  over 
most o f the  delam inated in te r f a c e ,  w ith  a h ig h er shear s tr e s s  a t  th e  crack t ip  
are g en era lly  su b s ta n tia te d  by the  la s e r  moire study o f th e  f r a c tu re s ,  F igs. 
37-41, 43-46. F r ic tio n  i s  probably resp o n sib le  fo r  load  t r a n s f e r  in  th e  lower 
s tr e s s  reg io n , although th is  could a lso  include b rid g in g  o f th e  crack by 
unbroken f ib r e s ,  and m echanical in te rfe re n c e  between the f ra c tu re  su rfa c e s .
The estim ate  o f  th is  f r i c t io n a l  s tr e s s  from th e  en e rg e tic  model ( ~ 0 .6  MPa) 
i s  o f the  same o rd er as the upper l im it  estim ated  from the la s e r  moire work 
( ~ 1 .5  MPa). N e ith e r technque i s  s u f f ic ie n t ly  s e n s i t iv e  to  perm it a r e l ia b le  
measurement o f the  s t r e s s .  I f  th e  en e rg e tic  model i s  c o r re c t ,  and th e  leng th  
o f the delam ination in  lam inated hybrids i s  in v e rse ly  p ro p o rtio n a l to  the  
f r i c t io n a l  sh ear s t r e s s ,  i t  i s  o f considerab le  im portance fo r  the  lo ad /ex ten sio n  
behaviour. U nfortunate ly  the delam ination leng th  is  extrem ely v a r ia b le ,  e i th e r ,  
as a r e s u l t  o f severe v a r ia tio n s  in  the in te r fa c e  s tre n g th  and geom etrical 
f a c to rs ,  or because o f i t s  extreme s e n s i t iv i ty  to  d iffe ren ces  in  the  load 
t r a n s f e r  r a te ,  and i t  has n o t been p o ss ib le  to  v e r ify  the genera l a p p l ic a b i l i ty  
o f the e n e rg e tic  model fo r  o th e r than lam inated h y b rid s . In  view o f  th e  wide 
range of delam ination  lengths encountered, from 1 mm to  >100 mm, i t  i s  u n lik e ly  
th a t  the f r i c t io n a l  s t r e s s  would be co n stan t fo r  a l l  geom etries o r leng ths o f 
delam ination , o r  even in  a l l  reg ions o f a s in g le  delam ination. A lower 
average f r i c t io n a l  s t r e s s  would be expected in  the lam inated hybrids when th e  
delam ination i s  la rg e  because the g la s s -p lie s  are then more e a s i ly  sep ara ted  
reducing the noimal fo rce  a t  the  in te r f a c e .
The la s e r  moire" study o f the  hybrids con ta in ing  a h a lf - le n g th  carbon- 
p ly  dem onstrated the  ex isten ce  o f a 2-3 mm zone of much h ig h er sh ear s t r e s s  
behind the  delam ination c ra c k - tip , and a ty p ic a l  value o f 40-60 MPa a t  the  
f a i le d  in te r fa c e  can be in fe r re d  from the  su rface  s t r a in  g ra d ie n t, making 
allowance fo r  d iffu s io n  o f the  s t r a in  g rad ien t through the th ick n ess  o f  th e  
g la s s -p l ie s .  The f a c t  th a t  the  zone is  behind the  c ra c k - t ip ,  and th e  evidence 
of re s id u a l s t r a in s  on unloading suggest th a t  the load t r a n s f e r  mechanism 
is  no t e l a s t i c .  The a l te rn a t iv e s  are f r i c t i o n ,  p l a s t i c i t y  and b rid g in g  f ib r e s .  
The l ig h te r  appearance o f the delam inated area  im plies some k ind  o f  in te r f a c e  
f a i lu r e ,  although th is  could take the  form o f m icrp-cracks in  a f i e ld  o f
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the m icrograph in  P ig , 69, and th e  fragments adhering to  th e  f ra c tu re  
su rfaces  in  F ig. 27. I t  i s  probable th a t  a l l  these  mechanisms co n trib u te  to  
th e  load  t r a n s f e r .
The most n o tab le  c h a r a c te r is t ic  o f t h i s  second s e r ie s  o f la se r ' 
moire specimens was the  t r a n s i t io n  from c o n tro lle d  growth o f the delam ination , 
to  s t i c k - s l i p  behaviour when i t s  len g th  exceeded 2-3 mm, the  leng th  o f  the 
high shear s t r e s s  zone a t  th e  c ra c k - tip . This i s  presumably caused by a 
breakdown o f  the  mechanism resp o n sib le  fo r  the high  r a te  o f load t r a n s f e r  
w hen'the delam ination  reaches a c r i t i c a l  len g th , and th is  i s  q u ite  p o ss ib le  
i f  the  mechanism involves p l a s t i c i t y  or b rid g in g  f ib r e s .  I f  the load t r a n s f e r  
mechanism d id  n o t b reak  down, b u t m aintained some maximum sh ear s t r e s s ,  th e  
delam ination would continue to  propagate in  a c o n tro lle d  manner in  a very 
s im ila r  manner to  th a t  described  by W right (55) fo r  a b u t t - s t r a p  jo in t  in  
c frp  which he has analysed by f i n i t e  element methods. The subsequent s t i c k -  
s l i p  p ropagation  im plies s t r a in  r a te  s e n s i t iv i ty ,  and i t  has n o t been 
determ ined how w ell the  behaviour o f the la s e r  moire specimens rep re sen ts  
the ra p id  growth o f the delam inations when they accompany a carbon-ply. 
f r a c tu r e .
With the  c u rre n t le v e l o f understanding  of th e  delam ination  i t  i s  
n o t p o ss ib le  to  accu ra te ly  p re d ic t  the form o f th e  lo ad /ex ten sio n  curve 
beyond the onset o f m u ltip le  f ra c tu re  o f th e  c f rp , b u t i f  th e  c h a r a c te r is t ic  
delam ination leng th  i s  known, a reasonable estim ate  o f the modulus o f  
lam inated h y b rid s , (and by in fe ren ce  a lso  th a t  o f mixed-tow hybrids) could be 
made by assuming th a t  no load i s  c a r r ie d  in  the  carbon-ply  w ith in  the  delam ina­
tio n s  when they are longer than about 3 mm. Hybrids in  which carbon and g la ss  
f ib re s  are more in tim a te ly  mixed are of p o te n t ia l ly  g re a te r  in t e r e s t  because 
th e  damage a sso c ia te d  w ith  in d iv id u a l carbon f ib r e  f ra c tu re s  in  le s s  severe 
and more evenly d is t r ib u te d ,  and because th e re  i s  a lso  th e  p o s s ib i l i ty  o f 
s ig n i f ic a n t ly  improving the u t i l i z a t i o n  o f  the  carbon f ib r e ’s s tre n g th  by 
reducing th e i r  bundle s iz e .
A study o f hybrids fa b ric a te d  w ith  d if f e re n t  p ro p o rtio n s  o f sp read - 
tows o f bo th  g lass  and carbon f ib re s  in  an epoxy re s in  m atrix  has dem onstrated 
a change o f  f a i lu r e  mode from the p ro g ressiv e  behaviour ty p ic a l  o f  a l l - g la s s  
com posites, to  a ’b r i t t l e ’ mode more ty p ic a l  o f a ll-c a rb o n  f ib r e  com posites, 
as the  p ro p o rtio n  o f carbon f ib re  i s  in creased . (Wood (6 8 )). The t r a n s i t io n  
to  c a ta s tro p h ic  f a i lu r e  i s  expected a t  Pcc r i t  because th e re  i s  only a very  
sm all load drop accompanying the  delam inations and ,debonding a t  f ra c tu re s  o f
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hybrids extended th e  s im p lif ie d  3 - la y e r  sandwich co n stru c tio n  to  a s tru c tu re  
of g re a te r  p r a c t ic a l  in t e r e s t ,  and th e i r  behaviour is  very s im ila r  to  th a t  
o f th e  s im pler hybrids o f s im ila r  d isp e rs io n  and f ib re  r a t io .
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o - 'H  r u iu n c  vyujvn.
The l e a s t  w e l l  u n d e r s to o d  a s p e c t  o f  t h i s  w ork i s  th e  d e p en d en ce  
o f  th e  s t r e n g t h  o f  th e  a l l - c a r b o n  la m in a te s  on sp ec im en  s i z e .  F u r th e r  w ork  
i s  r e q u i r e d  t o  e s t a b l i s h  th e  m echan ism  o f  w e a k e n in g  i n  th e  sp e c im en s  la m in a te d  
from  p r e - p r e g ,  b u t  t h i s  s y s te m  i s  to o  i n f l e x i b l e  and  v a r i a b l e  t o  p e r m i t  a  
s y s te m a t ic  i n v e s t i g a t i o n  o f  f i b r e  a l ig n m e n t  and  sp ec im en  t h i c k n e s s .  The 
a l t e r n a t i v e  i s  a  w e t l a y - u p  s y s te m  w i th  w h ic h  tow s o f  c a rb o n  f i b r e  w o u ld  b e  
f a b r i c a t e d  i n t o  la m in a te s  w h ic h  a r e  s u b s e q u e n t ly  c u t  i n t o  t e s t  c o u p o n s , o r  
s i n g l e  b u n d le s  o f  d e s i r e d  s i z e  c o u ld  b e  f a b r i c a t e d  i n d i v u a l l y .  The m ain  
o b j e c t iv e s  w o u ld  b e  t o  d e te rm in e  th e  f a c t o r s  i n f l u e n c i n g  t e n s i l e  s t r e n g t h ,  and  
to  t e s t  f u r t h e r  th e  g e n e r a l  a p p l i c a b i l i t y  o f  s t a t i s t i c a l  m odels  o f  s t r e n g t h  t o  
a l l - c a r b o n  c o m p o s ite s  f a b r i c a t e d  i n  d i f f e r e n t  w ay s . I f  t h e s e  f a b r i c a t i o n  
p r o c e d u r e s  do in t r o d u c e  im p e r f e c t  a r e a s ,  t h i s  e f f e c t i v e l y  a l t e r s  t h e  p o p u l a t io n  
o f  f l a w s ,  w h ic h  i n  t h i s  w ork  h a s  b e e n  assum ed  t o  c o n ta in  o n ly  d e f e c t s  i n  s i n g l e  
f i b r e s .  I t  i s  p o s s i b l e  t h a t  s i m i l a r  s t a t i s t i c a l  a rg u m en ts  c o u ld  b e  a p p l i e d  t o  
t h e s e  l a r g e r  f la w s .  A b e t t e r  u n d e r s ta n d in g  o f  a l l - c a r b o n  c o m p o s ite s  i s  
r e q u i r e d  b e f o r e  t h e  v a lu e  o f  h y b r i d i z a t i o n  w i th  o t h e r  f i b r e s  can  b e  p r o p e r l y  
a p p r e c ia t e d .
HM S/HTS-carbon f i b r e  h y b r id s  w o u ld  b e  o f  c o n s id e r a b le  i n t e r e s t  i f  
th e  f a i l u r e  s t r a i n  o f  t h e  HMS f i b r e  c o u ld  b e  e n h a n ce d  t o  t h a t  o f  t h e  HTS f i b r e  
by  r e d u c in g  t h e  s i z e  o f  t h e  b u n d le s  o f  HMS f i b r e .  M odel h y b r id s  c o n ta in in g  
s m a l l  b u n d le s  o f  HMS f i b r e  o f  known s i z e  i n  HTS f i b r e  c o m p o s ite s  c o u ld  b e  
u s e d  t o  i n v e s t i g a t e  th e  c r i t i c a l  s i z e  f o r  p r o p a g a t io n  o f  a -g ro u p  o f  f r a c t u r e s  
d i r e c t l y .
H y b r id s  w i th  a  u n ifo rm  i n t i m a t e  m ix in g  o f  f i b r e s  w o u ld  b e  a  f r u i t f u l  
a r e a  f o r  f u t u r e  s tu d y  now t h a t  th e  p r i n c i p l e s  o f  t h e i r  b e h a v i o u r ,a r e  know n, 
b u t  im p ro v ed  m ethods o f  d i s p e r s i n g  th e  f i b r e s  w o u ld  b e  d e s i r a b l e .  I n te r m e d ia t e  
l e v e l s  o f  d i s p e r s i o n  c a n  b e  a c h ie v e d  m ore s im p ly  by  co m bin ing  tow s o f  d i f f e r e n t
f i b r e s  and  d i f f e r e n t  w e ig h ts .  I n  l e s s  w e l l  d i s p e r s e d  g l a s s / c a r b o n  f i b r e  h y b r id s
th e  d e la m in a t io n s  b e tw e e n  vo lum es r e i n f o r c e d  w i th  e a ch  f i b r e  i s  a  m a jo r  f e a t u r e  
o f  t h e i r  f a i l u r e ,  and  i t  w ou ld  b e  i n t e r e s t i n g  to  i n v e s t i g a t e  o t h e r  f i b r e  and
m a t r ix  s y s te m s  t o  d e te rm in e  t o  w h a t e x t e n t  i t  i s  a  f u n c t io n  o f  t h e  f i b r e / m a t r i x
a d h e s io n ,  o r  r e l a t i v e  m o d u li an d  s t r a i n  t o  f a i l u r e  o f  t h e  f i b r e s .  T h is  d e lam ­
i n a t i o n  h a s  o n ly  b e e n  r e p o r t e d  f o r  c a r b o n /g la s s  h y b r id s ,  w h e re a s  c a t a s t r o p h i c  
f a i l u r e  h a s  b e e n  r e p o r t e d  f o r  c a rb o n /c a rb o n  b y  Edw ards e t  a l  (17) an d  f o r  
c a rb o n /K e v la r  by  Zweben ( 1 0 ) ,  b u t  o n ly  f o r  a  l i m i t e d  num ber o f  g e o m e tr ie s ..
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i n  c a r b o n /g la s s  h y b r id s ,  b u t  im p ro v ed  te c h n iq u e s  a r e  r e q u i r e d  t o  e s t a b l i s h  
how th e s e  s t r a i n s  a re  i n f l u e n c e d  by  t h e  c u re  c y c le  and  th e  s h r in k a g e  and  
c re e p  p r o p e r t i e s  o f  t h e  m a t r ix .  T h is  w o u ld  re d u c e  th e  u n c e r t a i n t i e s  i n  c o m p a rin  
th e  c a rb o n  f i b r e  s t r e n g t h  w i th  s t a t i s t i c a l  p r e d i c t i o n s ,  and  w ou ld  a l s o  h av e  
a  p r a c t i c a l  b e n e f i t  i n  i n d i c a t i n g  s u i t a b l e  f a b r i c a t i o n  p r o c e d u r e s  t o  o p t im is e  
th e  f a v o u r a b le  e f f e c t  o f  t h e  th e r m a l  s t r a i n s .
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CONCLUSIONS
(a) T h is  w ork  h a s  b e e n  c o n c e rn e d  w i th  th e  t e n s i l e  f a i l u r e  o f  a  ra n g e  o f  
u n i d i r e c t i o n a l  c o m p o s ite s  i n  w h ic h  th e  r e i n f o r c i n g  g l a s s  and  c a rb o n  f i b r e s  
a r e  m ix ed  t o  g iv e  a  v a r i e t y  o f  s t r u c t u r e s .  I h e  r e s u l t s  c o n f irm  e a r l i e r  
r e p o r t s  o f  en h an cem en t o f  t h e  f i r s t  f a i l u r e  s t r a i n  o f  t h e  c a rb o n  f i b r e  i n  
h y b r id  c o m p o s ite s  w i th  r e s p e c t  t o  s i m i l a r  c o m p o s ite s  c o n ta in in g  o n ly  c a rb o n  
f i b r e s .
(b) P a r t  o f  t h i s  H y b r id  e f f e c t  h a s  b e e n  shown t o  a r i s e  from  d i f f e r e n t i a l  
t h e m a l  c o n t r a c t i o n s  w h ic h  r e s u l t  i n  a  r e s i d u a l  c o m p re s s iv e  s t r a i n  i n  th e  
c a rb o n  f i b r e  when th e  h y b r id  c o m p o s ite s  a r e  c o o le d  a f t e r  c u r in g  o f  th e  r e s i n  
m a t r i x ,  b u t  t h e s e  s t r a i n s  a c c o u n t  f o r  o n ly  a  s m a l l  p r o p o r t i o n  o f  th e  e f f e c t .
(c )  The s t r e n g t h s  o f  t h e  c o m p o s ite s  h a v e  b e e n  r a t i o n a l i s e d  b y  p r e s e n t i n g  
them  i n  th e  fo rm  o f  a  g ra p h  o f  th e  s t r e n g t h  a g a i n s t  th e  d i s c r e t e  vo lum es o f  
c f r p ,  ( on l o g a r i th m ic  a x e s ) .  T h is  p r e s e n t a t i o n  i s  e s s e n t i a l l y  a  W e ib u ll  
p r o b a b i l i t y  g r a p h ,  and  e n a b le s  th e  s t r e n g t h  o f  sp e c im en s  w i th  d i f f e r e n t  c f r p  
volum es to  b e  com pared  on th e  b a s i s  o f  a  s t a t i s t i c a l  m odel w h ic h  p r e d i c t s
th e  s t r e n g t h  o f  t h e  c o m p o s ite  i n  te rm s  o f  th e  s t r e n g t h  d i s t r i b u t i o n  i n  s i n g l e
f i b r e s .  I n  t h e  c a s e  o f  th e  h y b r id  c o m p o s ite s  t h e r e  i s  good a g re e m e n t w i th
th e  n u m e r ic a l  p r e d i c t i o n s  fro m  su c h  a  m odel p r e s e n t e d  b y  H arlo w  and  P h o e n ix , 
show ing  t h a t  volum e i s  th e  p a ra m e te r  o f  o v e r id in g  im p o r ta n c e  l i m i t i n g  th e  
s t r e n g t h  r e a l i s e d  i n  th e  c f r p  com ponent. T h is  volum e d e p e n d en ce  h a s  'w e a k e s t  
l i n k '  c h a r a c t e r i s t i c s ,  w hereby  th e  s t r e n g t h  i s  l i m i t e d  b y  th e  c a t a s t r o p h i c  
p r o p a g a t io n  o f  a  s m a l l  g roup  o f  f i b r e  f r a c t u r e s  w h ich  h a s  e x c e e d e d  some c r i t ­
i c a l  s i z e .  I n  c o n t r a s t  t h e  s t r e n g t h s  o f  t h e  a l l - c a r b o n  f i b r e  c o m p o s ite s  a r e  
lo w e r , an d  i n c r e a s e  w i th  volum e i n s t e a d  o f  d e c r e a s in g  a s  e x p e c te d  from  
s t a t i s t i c a l  c o n s i d e r a t i o n s .  T h is  b e h a v io u r  i s  th o u g h t  t o  b e  c a u se d  b y  f i b r e  
m is a l ig n m e n t ,  b u t  i s  n o t  f u l l y  u n d e r s to o d .
T h ree  f a c t o r s  t h e r e f o r e  c o n t r i b u t e  t o  t h e  h y b r id  e f f e c t  
( i )  R e s id u a l  s t r a i n s  o f  th e r m a l  o r i g i n  
( i i )  The v a r i a t i o n  o f  th e  f i r s t  f a i l u r e  s t r a i n  o f . t h e  c f r p  com ponent o f  a
h y b r id  w i th  i t s  vo lum e.
( i i i )  T h ic k n e s s  r e l a t e d  v a r i a t i o n s  i n  th e  d e f e c t - l i m i t e d  s t r e n g t h  o f  t h e  a l l ­
c a rb o n  f i b r e  c o m p o s ite s  w i th  w h ich  th e  h y b r id s  a re  com pared .
(d) F a i lu r e  i n  a l l  t h e  c a r b o n /g la s s  f i b r e  h y b r id ^  in v o lv e d  f r a c t u r e  o f
th e  c f r p ,  w i th  l o c a l i s e d  d e la m in a t io n  o r  d e b o n d in g  f a i l u r e  o f  t h e  i n t e r f a c e
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o e tw een  m e  g rp  a n a  c t r p ,  b u t  w i th o u t  f r a c t u r e  o f  t h e  g r p .  When th e  
e x t e n t  o f  t h i s  d e la m in a tio n , was l e s s  th a n  t h e  l e n g th  t e s t e d  f u r t h e r ’ s i m i l a r  
f a i l u r e s  o c c u r r e d  a s  t h e  lo a d  w as i n c r e a s e d ,  e a c h  c o n t r i b u t i n g  t o  a  p r o g r e s s iv e  
l o s s  o f  s t i f f n e s s .  The s i z e  o f  t h e  d e la m in a t io n  i s  e x tre m e ly  s e n s i t i v e  t o  t h e  
g e o m e try , an d  h a s  o n ly  b e e n  p r e d i c t e d  s u c c e s s f u l l y  f o r  a  l im i t e d  ra n g e  o f  
l a m in a te d  h y b r id s .
(e )  L a s e r  m o ire  s t r a i n  m easu rem en ts  i n  t h e  f a i l u r e  zone i n d i c a t e  h ig h
s h e a r  s t r e s s  i n  a  s m a l l  r e g io n  o f  t h e  f a i l e d  i n t e r f a c e  n e a r  t h e  d e la m in a t io n
c ra c k  t i p  w h ere  i t  a p p ro x im a te s  t o  t h e  i n t e r l a m i n a r  s h e a r  s t r e n g t h ,  an d  a  
v e r y  much lo w e r  ’ f r i c t i o n a l ’ s t r e s s  e ls e w h e re  i n  th e  d e la m in a t io n  w h ic h  i s  
a p p ro x im a te ly  1% o f  t h e  i n t e r l a m i n a r  s h e a r  s t r e n g t h .  The sh a p e  o f  t h e  l o a d /  
e x te n s io n  c u rv e  can  b e  e x p la in e d  i n  te rm s  o f  t h e  r e d i s t r i b u t i o n  o f  lo a d  i n
th e  g l a s s  f i b r e  s u r r o u n d in g  t h e  f r a c t u r e s  i n  t h e  c f r p .
( f )  The s i n g l e  H T S -carbon /H M S -carbon  f i b r e  h y b r id  t e s t e d  f a i l e d  c a t a s t r o p h - . .  
i c a l l y  a t  an i n t e r m e d ia t e  s t r a i n  b e tw e e n  th o s e  e x p e c te d  f o r  e a c h  o f  t h e  co n ­
s t i t u e n t  f i b r e s ,  and  d e m o n s tra te d  t h a t  th e  lo w e r  e lo n g a t io n  f i b r e  h a s  a  w eak­
e n in g  i n f l u e n c e  on th e  h i g h e r  e lo n g a t io n  f i b r e .  The f a i l u r e  i s  c a t a s t r o p h i c  
b e c a u s e  t h e r e  i s  to o  s m a l l  a  d i f f e r e n c e  i n  th e  f a i l u r e  s t r a i n s  o f  t h e  two 
f i b r e s  t o  o b t a i n  ’’h y b r id  to u g h e n in g ” e f f e c t s .
(g) M ost o f  t h e  h y b r id s  t e s t e d  c o n ta in e d  o n ly  a  s i n g l e  s t r u c t u r a l  e le m e n t  
o f  c f r p ,  b u t  t h e  b e h a v io u r  o f  h y b r id s  la m in a te d  fro m  t h i n  (~ 1 0 0 /u m )  l a y e r s  . 
h a s  b e e n  shown t o  re m a in  s i m i l a r  as  th e -n u m b e r  o f  p l i e s  i s  i n c r e a s e d ,  w h i le  
m a in ta in in g  th e -s a m e  d i s p e r s i o n  an d  r a t i o  o f  f i b r e s ;
(h) The num ber o f  f i b r e  f r a c t u r e s  i n  u n s t r a i n e d  c o m p o s ite s  i s  n e g l i g i b l e ,  
b u t  as  l o a d  i s  a p p l i e d  c a rb o n  f i b r e s  f a i l  i n i t i a l l y  a t  i s o l a t e d  p o s i t i o n s ,  and  
th e n  a c c u m u la te  i n  s m a l l  g ro u p s  on a c c o u n t  o f  t h e  o v e r - s t r e s s i n g  o f  th e  
a d ja c e n t  f i b r e s .  T hese  g ro u p s  h a v e  a  maximum s i z e  i n  t h e  ra n g e  2 - 5 ,  b ey o n d  
w h ic h  t h e r e  i s  c a t a s t r o p h i c  p r o p a g a t io n  o f  a  c ra c k  th ro u g h  a l l  t h e  c a rb o n  
f i b r e s  i n  a  b u n d le .
( i )  R e g io n s  r e i n f o r c e d  w i th  g l a s s  f i b r e  a c t  a s  b a r r i e r s  t o  th e  p r o p a g a t io n  
o f  c ra c k s  b e tw e e n  b u n d le s  o f  c a rb o n  f i b r e .
Cj) T e c h n iq u e s  h a v e  b e e n  d e v e lo p e d  to  exam ine t h e s e  f r a c t u r e s  m i c r o s c o p i c a l ly ,  
and  hav e  r e v e a le d  e x te n s iv e  m a t r ix  m ic r o - c r a c k in g ,  b u t  t h i s  d o es  n o t  have- any  
e f f e c t  on th e  p r im a ry  t e n s i l e  p r o p e r t i e s .
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u v e r a i i  m e  w o n t n a s  Deen s u c c e s s f u l  m  i t s  a im  o f  c l a r i f y i n g  
th e  n a tu r e  o f  t h e  s o  c a l l e d  h y b r id  e f f e c t .  The f a i l u r e  mode o f  t h e  c a rb o n /  
g l a s s  c o m p o s i te s ,  i n  w h ich  m u l t i p l e  f r a c t u r e s  o f  th e  c f i p  a r e  c o n ta in e d ,  h a s  
a l lo w e d  t h e  m ore fu n d a m e n ta l  a s p e c t s  o f  c o m p o s ite  s t r e n g t h  t o  b e  i n v e s t i g a t e d ,  
and t h e r e  a r e  good p r o s p e c t s  f o r  t h e  c o n t i n u a t i o n  o f  r e s e a r c h  a lo n g  th e s e  
l i n e s .  The r e s u l t s  d e m o n s tra te  t h e r e  i s  a  c o n s id e r a b le  a d v a n ta g e  i n  d i s p e r s in g  
th e  l a v - e lo n g a t io n  f i b r e  as  a  num ber o f  s m a l l  b u n d le s ,  b u t  f u r t h e r  r e s e a r c h  
i s  r e q u i r e d  t o  make t h i s  a  p r a c t i c a l  p r o p o s i t i o n  b eyond  t h e  l a b o r a to r y  s c a l e .
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F i g .  5 0  V a r i a t i o n  o f  t h e  c h a r a c t e r i s t i c  d e b o n d  l e n g t h  i n  
d i v i d e d - t o w  h y b r i d s .
F i g .  5 1  D e n s i t y  o f  c a r b o n  f i b r e  b u n d l e  f r a c t u r e s  v s .  s t r a i n  
f o r  t h e  d i v i d e d - t o w  h y b r i d s .
F i g .  5 2  C u r v e s  f r o m  F i g . 5 1  c o r r e c t e d  t o  a l l o w  f o r  t h e  d e b o n d ­
e d  z o n e  a t  e a c h  f r a c t u r e .
F i g .  5 3  C u r v e s  f r o m  F i g . 5 1  c o r r e c t e d  t o  a l l o w  f o r  t h e  l e n g t h  
o f  c a r b o n  f i b r e  b u n d l e  c a r r y i n g  r e d u c e d  l o a d  a t  e a c h  
m a c r o s c o p i c  f r a c t u r e .
F i g .  5 4  D i f f r a c t i o n  m e t h o d  o f  m e a s u r i n g  t h e  d i a m e t e r  o f  c a r b o n  
f i b r e s .
F i g .  5 5  C u m u l a t i v e  d i s t r i b u t i o n  f o r  f a i l u r e  o f  s i n g l e  H T S - c a r b o n  
f i b r e s ,  w i t h  f i t t e d  W e i b u l l  c u r v e s .
F i g .  5 6  F a i l u r e  s t r e s s  v s .  n o m i n a l  s t r a i n  f o r  H T S - c a r b o n  f i b r e s  
t e s t e d  i n d i v i d u a l l y .
F i g .  5 7  M e a n  f a i l u r e  s t r e s s  o f  s i n g l e  H T S - c a r b o n  f i b r e s  a s  a  
f u n c t i o n  o f  g a u g e  l e n g t h .
F i g .  5 8  A c o u s t i c  e m i s s i o n  a n d  l o a d / s t r a i n  c u r v e s  f o r  t h e  w e t  
l a y - u p  c o m p o s i t e s .
F i g .  5 9  ( a )  C o r r e l a t i o n  b e t w e e n ' t o t a l  a c o u s t i c  e m i s s i o n  a n d  
n u m b e r  o f  m a t r i x  c r a c k s .
( b )  T h e  s a m e  d a t a  p r e s e n t e d  a g a i n s t  s t r a i n .
F i g .  6 0  C o r r e a l a t i o n  b e t w e e n  a c o u s t i c  e m i s s i o n  a n d  t h e  n u m b e r  
o f  c a r b o n  f i b r e s  i n  d i v i d e d - t o w  h y b r i d s .
F i g .  6 1  L o n g i t u d i n a l  s e c t i o n  o f  a  m a t r i x  c r a c k . ( C o d e  6 9  r e s i n )
F i g . ' 6 2  D i s c  o r  a n n u l a r  m a t r i x  c r a c k  a r o u n d  a  c a r b o n  f i b r e ,
( a )  f o c u s  a t  s u r f a c e ,  ( b )  b e l o w  s u r f a c e .
F i g .  6 3  M a t r i x  c r a c k i n g  i n  a l l - g l a s s  f i b r e  w e t - l a y - u p  
c o m p o s i t e s .
F i g .  6 4  M a t r i x  c r a c k i n g  i n  s p r e a d - t o w  h y b r i d s .
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F i g .  6 5  M a t r i x  c r a c k i n g  w i t h i n  a l l - g l a s s  f i b r e  c o m p o s i t e s .
F i g .  6 6  S u r f a c e  r e s i n  c r a c k s  i n  a l l - g l a s s  f i b r e  c o m p o s i t e s .
F i g .  6 7  L a r g e  m a t r i x  c r a c k s  i n  t h e  c a r b o n  f i b r e  l a y e r  o f  a  
s p r e a d - t o w  h y b r i d  s t r a i n e d  t o  0 . 0 2  .
F i g .  6 8  M a t r i x  c r a c k s  s i m i l a r  t o  F i g . 6 7  i n  p o l a r i s e d  l i g h t  
s h o w i n g  s t r a i n  f i e l d s  a s  l i g h t e r  a r e a s .
F i g .  6 9  G l a s s  f i b r e s  b r i d g i n g  t h e  d e l a m i n a t e d  i n t e r f a c e  
b e t w e e n  c a r b o n  a n d  g l a s s - p l i e s .
F i g .  7 0  S e c t i o n  o f  a  c a r b o n  f i b r e  l a y e r  i n  a  s p r e a d - . t o w  h y b r i d  
s t r a i n e d  t o  0 . 0 2  .
F i g .  7 1 . ^ h e  c a r b o n  l a y e r  o f  a  s p r e a d - t o w  h y b r i d  s t r a i n e d  t o
0 . 0 2  , t a k e n  i n  p o l a r i s e d  l i g h t  t o  sh o w  u p  t h e  d e b o n d i n g  
b e t w e e n  t h e  f i b r e  a n d  m a t r i x  a s  l i g h t e r  a r e a s .
( a )  L a r g e  g r o u p  o f  c a r b o n  f i b r e  f r a c t u r e s .
( b )  I n t e r m e d i a t e  n n "
( c )  I s o l a t e d  M ” n
( d )  A p a i r  o f  a d j a c e n t  f i b r e  f r a c t u r e s ,  o n l y  o n e  
o f  w h i c h  i s  d e b o n d e d .
F i g . 7 2  T h e  m e t h o d  o f  e l e c t r o l y t i c a l l y  e t c h i n g  s e c t i o n s  
o f  c o m p o s i t e  t o  d e c o r a t e  c o n d u c t i n g  f i b r e s .
F i g .  7 5  M e t h o d  o f  d e t e r m i n i n g  t h e  d e p t h  t o  w h i c h  t h e  e l e c t r o -  
l y t i c  d e c o r a t i o n  c a n  d e t e c t  n o n - c o n d u c t i n g  s e c t i o n s  
o f  f i b r e s .
F i g .  7 4  S e c t i o n s  o f  c a r b o n  f i b r e  c o m p o s i t e  e t c h e d  a s  s h o w n  
i n  F i g . 7 3 .  D a r k  f i b r e s  a r e  c o n d u c t i n g .
F i g .  7 5  E l e c t r o l y t i c a l l y  d e c o r a t e d  s e c t i o n s  o f  c a r b o n  f i b r e  
c o m p o s i t e ,  ( a )  u n s t r a i n e d  w i t h  n o  f i b r e  f r a c t u r e s ,
( b )  s t r a i n e d  t o  f a i l u r e , 0 . 0 1 3 ,  s h o w in g  a  s i n g l e  
n o n - c o n d u c t i n g  f i b r e  e n d .
F i g .  7 6  G r o u p s  o f  c a r b o n  f i b r e  f r a c t u r e s  i n  a  l a m i n a t e d  h y b r i d ,  
( a )  f o c u s  a t  s u r f a c e ,  ( b )  f o c u s  b e l o w  s u r f a c e  i n  
p o l a r i s e d  l i g h t  t o  s h o w  m a t r i x  c r a c k s .
F i g .  7 7  E t c h e d  s e c t i o n s  o f  s p r e a d - t o w  h y b r i d s .
F i g .  7 8  M o d e l  f o r  t h e  c a l c u l a t i o n  o f  t h e r m a l  s t r a i n s .
( a )  C o n t r a c t i o n s  i n  e a c h  p l y .
( b )  P r o p o r t i o n  o f  s t r a i n  m i s m a t c h  a p p e a r i n g  a s  
c o m p r e s s i o n  i n  t h e  c a r b o n - p l y .
F i g . ' 7 9  T h e r m a l  e x p a n s i o n s  f o r  c o m p o s i t e s  f a b r i c a t e d  b y  w e t  
l a y - u p .
F i g .  8 0  T h e  p r i n c i p l e  o f Tc o n s t r a i n t ’ i n  a  c a r b o n - p l y  
s a n d w i c h e d  b e t w e e n  t w o  g l a s s - p l i e s .
F i g .  8 1  W e i b u l l  p r o b a b i l i t y  g r a p h  s h o w i n g  t h e  v a r i a t i o n  o f  t h e  
s t r e n g t h  o f  t h e  c a r b o n  f i b r e  i n  c o m p o s i t e s  a n d  s i n g l e
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f i b r e  t e s t s ,  w i t h  t h e  n u m b e r  ( inn)  o f  h y p o t h e t i c a l  
’ e l e m e n t s  1 i n  a  c o m p o s i t e ,  o r  s i n g l e  f i b r e .
T h e  c u r v e s  p r e d i c t i n g  t h e  s t r e n g t h  o f  c o m p o s i t e s  
a r e  t a k e n  f r o m  H a r l o w  & P h o e n i x ,  ( R e f . 3 9 ) ,  a n d  a r e  
b a s e d  o n  a  c h a i n - o f - b u n d l e s  s t a t i s t i c a l  m o d e l .
F i g .  8 2  A s e c t i o n  o f  a  c o m p o s i t e  c o n t a i n i n g  a  d e f e c t i v e  
a r e a ,  ( s h a d e d ) .
F i g .  8 3  V a r i a t i o n  o f  t h e  f a i l u r e  s t r a i n  o f  a l l - H T .S  
c a r b o n  f i b r e  l a m i n a t e d  c o m p o s i t e s  w i t h  t h e  
r e c i p r o c a l  o f  t h e  t h i c k n e s s .
F i g .  8 4  E f f e c t i v e  l o n g i t u d i n a l  m o d u l u s  o f  H T S - c a r b o n  
f i b r e  r e i n f o r c e d  e p o x y  a s  a  f u n c t i o n  o f  t h e  
f i b r e  o r i e n t a t i o n ,  c a l c u l a t e d  b y  B i s h o p , ( R e f . 6 7 )
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Msi ro n  e t . a l . ( R e f .  8 )
A l l  t y p e  I  c a r b o n 0 . 6 206 0 . 5 0 . 0 0 2 4 l / l  h y b r i d s  a r e  s p e c i a l l y  i n t e r ­
A i l  t y p e  I I  c a r b o n 0 . 6 124 0 . 9 0 . 0 0 7 2 _ _ m i n g l e d  s t r u c t u r e s  o f  m i x e d  t o w s .
( 1  t y p e l , 1 t y p e  I I ) 0 . 6 165 0 . 7 0 . 0 0 4 2 0 . 5 75
ROM p r e d i c t i o n 0 . 6 165 0 . 7 0 . 0 0 4 2 0 . 5 7 5 2 / 2  & 5 / 5  h y b r i d s  a r e  l a m i n a t e d .
A l l  HMS c a r b o n 0 . 5 137 0 . 8 5 . 0 0 6 2 _ M o s t  c o m p o s i t e s  t e s t e d  i n  f l e x ­
A l l  A - S  c a r b o n 0 . 5 97 1 . 2 . 0 1 2 4 _ _ u r e ,  b u t  f a i l u r e  c r i t e r i o n  f o r  w h i c h
( 1  IMS,  1 AS ) 0 . 5 117 0 . 8 0 . 0 0 6 8  - 0 . 5 1 0 s t r e s s  i s  s p e c i f i e d  i s  n o t  g i v e n ,  n
-ROM p r e d i c t i o n 11 0 . 5 11 7 1 . 0 3 . 0 0 8 8 0 . 5 4 2 F a i l u r e  mode  i s  n o t  g i v e n .
A l l  E - g i a s s 0 . 5 25 0 . 7 0 . 0 2 6 •_ T h e r m a l  c o n t r a c t i o n  d i f f e r e n c e s
A'l i AS c a r b o n 0 . 5 97 1 . 2 . 0 1 2 3 - _ n o t  c o n s i d e r e d .
( 1  E - g l a s s , 1 AS) 0 . 5 6 1 0 . 8 5 . 0 1 3 9 0 . 5 13
( 2  S - g l a s s ,  2 A S ) 11 0 . 5 6 1 0 . 8 3 . 0 1 3 6 0 . 5 11 E p o x y  r e s i n  m a t r i x .  P a r a m e t e r  n
( 5  E - g L a s s ,  5 A S ) n 0 5 6 2 0 . 8 0 . 0 1 2 3 0 . 5 5 i n  l a y - u p  s e q u e n c e  n o t  s p e c i f i e d .
ROM p r e d i c t i o n o ! s 61 0 . 8 5 . 0 1 3 9 0 . 5 13 C o e f f .  v-ar.  n o t  g i v e n .
B u n s e l l  & H a r r i s ,  ( R e f .  6 )
A l l  g l a s s 0 . 6 1 4 2 0 . 4 0 . 0 0 2 6 A l l  h y b r i d s  l a m i n a t e d  f r o m
A l l  c a r b o n 0 . 4 41 0 . 5 2 . 0 1 2 5 - - p r e - p r e g .  E po xy  m a t r i x .
11 g . ; a s s , 2  c a r b o n , !  g l a s s )  0 . 5 89 0 . 3 0 . 0 0 3 7 0 . 5 4 2
ROM r e l i c t i o n 0 . 5 9 2 0 . 4 6 . 0 0 7 5 0 . 5 188 M u l t i p l e  f r a c t u r e  f a i l u r e  m o d e ,
( 1  g l a s s , 1 c a r b o n , 1 g l a s s . 4 7 7 2 0 . 3 4 . 0 0 4 8 . 3 3 85 w i t h  d e l a m i n a t i o n , b e t w e e n  p l i e s  e f
ROM p r e d i c t i o n . 4 7 75 0 . 4 8 . 0 0 9 2  * . 35 254 3 - l a y J s d  s a n d w i c h . C o e f f . v a r .  1 3 - 1 7  / o
Zwe ne n, ( R e f . 1 0 )
A11 K e v l a r  . . 0 1 8 0 T h o r n e l  3 0 0  & K e v l a r  4 9 ,  a l t e r ­
A1 i  c a r b o n - - - . 0 1 0 4 - - n a t i n g  y a r n s  i n  p r e - p r e g  t a p e s .
K e v L a r / c a r b o n  t o w s - - - . 0 1 0 8 0 . 5 4 C a t a s t r o p h i c  f a i l u r e , n o  p r e - c r a c k ­
ROM p r e d i c t i o n - - - . 0 1 0 6 0 . 5 2 i n g .  C . o f  V.  6 ° / o  D i f f e r e n t i a l
t h e r m a l  c o n t r a c t i o n s  n o t  s i g n i f i c a n t .
A v e s t o n  & S i l l w o o d , ( R e f . 7 )
A l l  g l a s s
4
V e i l  i s  1 0  f i l a m e n t  tov/  s p r e a d  t o
Type  I  c a r b o n  ' v e i l 1 _ - - . 0 0 5 0 3 0 0  mm w i d t h ,  a nd  c c m b i n e d  w i t h  20 4
. Carbon  v e i l / g l a s s  t o w s - - _ . 0 1 0 8 0 . 1 116 f i l a m e n t  g l a s s  t o w  i n  ,RT c u r i n g  e p o x y .
ROM p r e d i c t i o n - - - - - C o e f f . v a r .  1 2  / o .
E d w a r d s ,  P a r r a t t ,  P o t t e r , ( R e f . 1 7 )
A l l  EHTS c a r b o n 0 . 5 97 1 . 1 6 . 0 1 2 D i s c o n t i n u o u s  a l i g n e d  f i b r e s  i n
A l l  TITS c a r b o n 0 . 5 114 1 . 1 4 . 0 1 0 - _ e p o x y  r e s i n  m a t r i x .  T e n s i l e  t e s t .
A l l  HMS c a r b o n 0 . 5 15 1 0 . 6 1 . 0 0 4 _ _
• 0 . 7 5  1IM3/ 0 . 25  EHTS 0 . 5 12 9 0 . 6 0 . 0 0 4 7 . 7 5 18 D i f f e r e n t i a l  t h e r m a l  c o n t r a c t ­
ROM p r e d i c t i o n 0 . 5 138 0 . 7 5 . 0 0 6 0 . 7 5 3 3 i o n s  b e t w e e n  f i b r e s  a r e  n e g l i g i b l e .
C . 5  H M S / 0 . 5  EHTS 0 . 5 _ 0 . 9 1 . 0 0 6 7 0 . 5 6 8
ROM p r e d i c t i o n 0 . 5 _ 0 . 8 9 . 0 0 8 0 0 . 5 1 0 0 F a i l u r e  mo de  o f  a l l  h y b r i d s  i s
0 . 2 5  HMS/ 0 . 7 5  EHTS 0 . 5 105 0 . 9 4 . 0 0 9 0 . 2 5 1 25 b r i t t l e , c o e f f . o f  v a r .  1 0 ° / ° *
' ROM p r e d i c t i o n 0 . 5 111. 1 . 0 2 . 0 1 0 0 . 2 5 1 5 0
0 . 2 5  .HMS/. 0 . 7 5  HTS 0 . 5 10 8 1 . 0 0 . 0 0 9 3 . 2 5 133 F i b r e s  i n t i m a t e l y  a nd  r o n d o m l y
ROM p r e d i c t i o n 0 . 5 123 1 . 0 1 . 0 0 8 5 . 2 5 113 m i x e d  b e f o r e  i n c o r p o r a t i o n  i n t o
p r e - p r e g .
P h i l l i p s ,  ( R e f .  2)
A l l  g l a s s 0 . 6 4 0 0 . 7 3 . 0 2 0 U n i d i r e c t i o n a l  w o v e n  h y b r i d  c l o t h
A l l  c a r b o n 0 . 6 115 1 . 1 3 . 0 0 9 8 - - w i t h  t o w s  o f  g l a s s  a nd  c a r b o n  a l t e r ­
-! g l a s s :  1 c a r b o n 0 . 6 56 0 . 6 6 . 0 1 1 8 0 . 2 20 n a t i n g  i n  t h e  r a t i o  g i v e n . V i n y l - e s t e r
ROM p r e d i c t i o n 0 . 6 55 0 . 8 0 . 0 1 8 0 0 . 2 83 m a t r i x .  T h e r m a l  s t r a i n s  n o t  c o n s i d e r e d .
5 g l a s 3 : 1 c a r b o n 0 . 6 6 0 0 . 6 9 *.  0 1 1 5 . 2 5 17
ROM p r o d i c t i o n 0 . 6 5 9 0 . 8 7 . 0 1 7 5 . 2 5 7 8 P r o g r e s s i v e  t e n s i l e  f a i l u r e  m o de ,
2 g l a s s :  1 c a r b o n 0 . 6 65 0 . 7 2 . 0 1 1 1 . 3 3 13 b u t  m i c r o - m e c h a n i c s  n o t  d e s c r i b e d .
ROM p r e d i c t i o n 0 . 6 65 0 . 9 0 . 0 1 6 6 . 3 3 6 9
1 g l a s s :  1 c a r b o n 0 . 6 75 0 . 7 5 . 0 1 0 0 0 . 5 2
ROM p r e d i c t i o n 0 . 6 7 8 0 . 9 5 . 0 1 4 9 0 . 5 5 2
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TABLE 3
F i b r e  an d  r e s i n  m a t e r i a l s
L
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fi
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RESIN SYSTEMS 
Epoxy:
100 p h r .  S h e l l  E p i k o t e  828 
80 p h r .  N a d ic  M e t h y l  
A n h y d r i d e  
1 p h r . BDMA 
( S u p p l i e d  by H e i m e t i t e  L t d . )
/
Epoxy:
Code 68
F o t h e r g i l l  & H a rv e y  L t d .
/
'
FIBRES
E - g l a s s  f i b r e - :
U n s p e c i f i e d  
F i b e r g l a s s  L t d .
( I n  p r e - p r e g  s u p p l i e d  by F&H L t d . )
V
E - s l a s s :
S i l e n k a  051 L, 1200 T ex .  
P o l y e s t e r / e p o x y  c o m p a t i b l e  f i n i s h .  
S i l e n k a  L t d .
V
HM S-carbon  f i b r e :
H ig h  m o d u l u s ,  s u r f a c e  t r e a t e d .  
C o u r t a u l d s  L t d .
( P r e - p r e g  s u p p l i e d  by F&H L t d . )
✓
H T S - c a r b o n  f i b r e :
H ig h  t e n s i l e ,  s u r f a c e  t r e a t e d .  
C o u r t a u l d s  L t d .
( P r e - p r e g  s u p p l i e d  by  F&H L t d . )
✓
H T S - c a r b o n  f i b r e :
U n s i z e d  to w ,  s u r f a c e  t r e a t e d .  
B a t c h  num ber  2T 222A. 
C o u r t a u l d s  L t d .
/ ✓
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TABLE A
Laminate P ro p er tie s
Lay-up sequence Dispersion Carbon Modulus Failure Failure Debond Hybrid E ffec t/ T h e m a l
No. of laminae of frac tio n s tre s s s tra in length Size E ffec t. s t r a i n
glas s , carbon, glas s X HT pc (G Pa) (G Pa) h> Carbon-ply<mm) fa ilu re  s tra in x 10
increase 4°/o)
E -  Glas8 composites -
3 - - 2.67 0.0 45 1.20 .027 1 -
12 - — 0.67 | 0.0 44 1.21 .028 1 -
High Tensile carbon: All-carbon composites and hybrids
-  1 - 8.00 i.e 126 0.97 .0077 - -33
-  2 - A.00 1.0 128 1.13 .0088 - -24 • «»
-  3 - 2.67 1.0 143 1.48 .0103 - -10
-  4 -  ■ 2.00 1.0 129 1.25 .0097 - -16 _ '
-  12 - 0.67 1.0 144 1.66 .0115 - 0 . 0 ■
1 1 1 2.67 0.33 83 1.04 .0125 32 +8.7 0 . 3 9
2 1 2 1.60 0.20 65 0.92 .0142 31 +24 0 . 5 7
3 1 3 1.14 • 0.14 59 • 0.87 .0148 17 +29 0 . 6 7
4 1 A 0.89 0.11 60 0.90 .0149 10 +30 0 . 7 4
6 1 6 0.62 0 . 0 8 55 0.82 .0150 6 +30 0 . 8 2
9 1 9 0.A2 0.05 49 0.76 .0155 3 ♦35 0 . 8 8
2 2 2 1.33 0.33 76 1.03 .0135 >100 +17 ’ 0 . 4 0
3 2 3 1.00 0.25 72 0.97 .0135 >100 +17 0 . 5 0
1 3 1 1.60 0.60 104 1.43 .0137 100 +19 0 . 1 8
3 3 3 0.89 0.33 77 1.04 .0136 >100 +18 0 . 4 0
8 3 8 0.42 0.16 58 0.82 .0141 >100 +23 0 . 6 4
3 8 3 0.57 0.57 102 1.38 .0136 >100 +18 0 . 1 9
1 9 1 0.73 0.82 109 1.40 .0129 >100 +12 0 . 0 7
8 9 8 0.32 0.36 81 1.03 .0127 >100 +10 0 . 3 6
(1EG, 1CT) x 6 4.00 0.50 93 1.20 .0129 - +12 0 . 2 4
(2EG, 2CT) x 3 2.00 0.50 90 1.23 .0136 - +18 0 . 2 4
High Modulus carbon: A ll-carbon composites and hybrids
-  3 - 2.67 1.0 184 1.11 .0060 - -13 —
-  12 — — 0.67 1.0 192 1.33 .0069 - 0.0
1 1 1 2.67 0.33 95 0.75 .0079 - +15 0 ,  2S
2 2 2 1.33 0.33 . 99 . 0.83 .0084 - +22 0 . 29A  O Q
3 3 3 0.89 0.33 89 0.75 .0084 - +22 u .
6 7 6 0.42 0.37 100 0.82 .0082 - +19 0 *  d co
8 3 8 0.42 0.16 65 0.55 .0084 - +22 0 . 5 0
9 1 9 0.42 0.05 50 0.51 .0101 - +46 0 . 7 3
(1EG, 1CM) x 4 4.00 0.50 119 0.95 -.0080 - +16 0 . 1 7
(2EG, 2 CM) x 2 2.00 0.50 119 0.87 . 0073 - *6 0 . 1 7
H i g h  m o d u l u s  c a r b o n  /  H i g h  t e n s i l e  c a r b o n  h y b r i d
8 1 8 0 . 4 7 0 . 0 6 1 46 1 . 1 0 . 0 0 8 8 - +25
-
P r o p e r t i e s  o f  Wet  Lay - u p  Comp o s i t e s
L a y - u p M o d u l u s F a i l u r e F a i l u r e De b on d C l o s e s t
s t r e s s s t r a i n l e n g t h s p a c i n g  o f
(mm) f r a c t u r e s
(GPa) (GPa) Lp (mm)
A l l  H T S - c a r b o n (  Imra) 1 35 1 . 5 2 0 . 0 1 1 2
A l l  E - g l a s s  ( Stem) 3 9 > 1 . 2 > 0 . 0 3 - -
D i v i d e d - t o w  H y b r i d s
1 0 , 0 0 0  f i b r e s *c _ 1 4 . 3 7 . 5
3 , 6 2 0  " CD -  V 3 . 3 7 . 1 7
1 , 6 2 0  " -  a/ -  ■ •" 0 . 7 1 3 . 2 5
6 3 0  " -  Vo - - - 0 . 2 5 2 . 3 6
S pr e ad- - t o w  H y b r i d s
1 mm g l a s s - p l i e s < 1
0.5mm g l a s s - p l i e s </>6 * - < 1
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Specimen
A
B
C
Number of  0. 125 mm p r e - p r e g  l aminae i n  each p l y  
Gl ass  Carbon Glass
5 1 3  
4 1 4
6 1 6
P r e d i c t e d
W e.
it. 1 + SV 
' ^
Observed Shear s t r e s s  
average from 
s u r f a c e  s t r a i n  
f o r  a r e a  of 
de la m in a t io n  
c rack  t i p .  T 
(MPa)
F r i c t i o n a l  
shea r  s t r e s s  
Tf
(MPa)
.0083 .0147 1.55 1.77 . 21.1 *1.4
A .0057 .0104 it 1 .8 2 14.0 _
.0027 .0051 1.89 10.6 ■ -
.0101 .0142 1.41 1.41 r \ i <0.45
B .0071 . 0098 ti 1.38 12.1 ■ • -
. 0035 ; 0045 n 1.29 3.9 -
.0111 .0146 1. 27 1 .32  ■ 21.9 *1 .5
C . 0050 .0075 ii 1.46 10.9 -
. 0021 .0032 it 1.52 5 .0 -
S e r ie s  Two Laser Moire Specimens
( With h a l f - l e n g t h  ca rbon -p ly  )
Specimen Number of  0.125 
Glass
mm p r e - p r e g  laminae in  each p ly  
Carbon Glass
D,E 3 1 3
F 6 1 6
G 3 2 3
!T 6 2 6
TABLE 6
P r o o a b i l i t y  of  F ib re  F a i l u r e  i n  Spread-tow Hybr ids .
Nun ber  of  
u n d e c o ra te d  
f i b r e s .
S t r a i n  i n  carbon 
f i b r e . ( t h e r m a l ly  
c o r r e c t e d )
F ib re  s t r e s s  
(GPa)
Range of  p r o b a b i l i t y  
of f i b r e  f a i l u r e ,  
a l lowing  one l e s s  
broken  f i b r e .
-6x 10
0 0.007 2.17 0 - 0
1 0.009 2.55 0 - 8 3
1 0.012 3.37 0 - 8 3
.3 0.015 4.09 167 -  250
12 0.019 4.81 916 -1000
90 0.022 5.53 7410-7500
Based on sampi e of  approx 12 ,000 f i b r e s .
UNI D IR E C T  f O N  AL H Y B R ID S
°«°o£c£&>0^ #cb • * o OoSjfij© ©AP® o#© *
%So'o“Q.°o'o
laminated MIXED TOWS MIXED FIBRES
F i g . l  P o s s i b l e - s t r u c t u r e s  f o r  u n i d i r e c t i o n a l  h y b r i d s  
w i t h  d i f f e r e n t  l e v e l s  o f  d i s p e r s i o n .
20 mm
V
( a )  (b )
F ig ' .  2 T e s t  coupon  d e s i g n s  f o r ;
( a )  S p r e a d - t o w  h y b r i d s
(b )  D i v i d e d - t o w  h y b r i d s
( c )  L a m i n a t e d  h y b r i d s .
50 mm
GLASS
CARBON
GLASS100 mm
STRAIN
GAUGE
20 mm
10mm
ALUMINIUM
TAG50mm
(■c)
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St 
re
ss
F i g . .  3
F i g .  4
R.O.M.
in
o
1007cPercentage Carbon
K u l e  o f  m i x t u r e s  b e h a v i o u r  o f  t h e  Y o u n g ’ s 
M o d u l u s  o f  a  h y b r i d .
A
X
D
0 %
Percentage Carbon
( a )
P r o p e r t y  v s .  c o m p o s i t i o n  d i a g r a m s  f o r ,
( a )  f a i l u r e  s t r e s s
( b )  f a i l u r e  s t r a i n
( c )  l o a d  i n  t h e  g l a s s  a n d  c a r b o n  f i b r e  
r e i n f o r c e d  c o m p o n e n t s .  »
c o n t d . . .
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Lo
ad
 
S
tr
ai
n
A
R.O.M.
Y
D
0 #/o Percentage Carbon
(b)
Constant strain
R.O.M:
A
Extra load on glass
X Carbon load
D
0 °/« 100 °/«Percentage Carbon
( c)
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F i g . 5
F i g .  6
Extent  of d e l a m i n a t i o n
i
f rac tu re
TJ
N.
0 Distance from f racture
T h e  b u i l d - u p  i n  l o a d  i n  a  f r a c t u r e d  m e m b e r  
s a n d w i c h e d  b e t w e e n  u n f r a c t u r e d  ' m e m b e r s  f o r  
t h e  c a s e  o f  f r i c t i o n a l  l o a d  t r a n s f e r  ( d a s h e d )  
a n d  e l a s t i c  l o a d  t r a n s f e r , . !  s o l i d )  .
L.
(a )
T5a-
UO
u .u
(b)c
_ j
D i s t a n c e  a l o n g  s p e c i m e n
T h e  l o a d  d i s t r i b u t i o n  i n  t h e  c r a c k e d  m e m b e r  
a t  t h r e e  s t a g e s  o f  m u l t i p l e  c r a c k i n g ,  i n c r e a s i n g  
i n  s t r a i n  f r o m ( a )  t o  ( c ) .
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E x t e n s i o n
S c h e m a t i c  l o a d / e x t e n s i o n  c u r v e  f o r  a  h y b r i d  
w i t h  s u c c e s s i v e  f r a c t u r e s  o f  t h e  l o w - e l o n g a t i o n
c o m p o n e n t
H y b r i d
g r p
cf rp
St rai n
T h e  e f f e c t  o f  r e s i d u a l  c o m p r e s s i v e  s t r a i n  i n  
t h e  c f r p  o f  a  h y b r i d  o n  i t s  l o a d / s t r a i n  
b e h a v i o u r .
F a i l u r e
L OA D
E X I S T I N G  D E F E C T  S I Z E  
O b s e r v e  or  Pre d ic t  y
C R I T I C A L  D E F E C T  
S I Z E  C a l c u l a t e
aC cTV9
FAILURE
P R E D I C T I O N
A P P L IE D  S T R E S S  or ST R A IN
F i g . T h e  v a r i a t i o n  o f  i n t r i n s i c  a n d  c r i t i c a l  
d e f e c t  s i z e s  w i t h  a p p l i e d  s t r e s s  o r  s t r a i n .
*\
E X T E  N S I O N  a t  FAILURE
F a i l e d
D
E X T E N S I O N
I n i t i a l  S t or e d  E n e r gy
>
Wor k Done  by Lood
E N E R G Y
I N P U T
F i n a l  S t o r e d  E n e r gy
F R E E  E N E R G Y  
=  i  Work D o n e  by L o a d
F i g .  1 0  L o a d / e x t e n s i o n  c u r v e  f o r  a  s i n g l e  f r a c t u r e  
o c u r r i n g  a t  c o n s t a n t  l o a d .
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F i g .  1 1 .  A c o m p o s i t e  c o n c e i v e d  a s  a c h a i n  o f  s l i c e s ,  
e a c h  o f . w h i c h  i s  a b u n d l e  o f  f i b r e s .
ln(x/xQ)
-os-L6 -CL4
0 .9 0
0 .5 0  
0 .2  5
l/n
- 4
Q. 10
-8-4
■n -4U.
-12 ^  
■D
-1 4  ^>> 10 n = 7 n= 8 
•n= 9-g I0‘
-Q
-16
-18
Local Lood Shoring (LLS)
F(x)«|-EXP[-(xA0)^] '
pt 5
-2020
-22
0.2 0 3  0.4  0 5  0 6  0 7  0 8  1.0
Dimensbnless Load, x/x0
Convergence o f  the transform ed p ro b a b ility  d istribu tion  
fo r  bundle strength as bundle size increases. Local load sharing (L L S )  
is assumed.
( a )
F i g .  12 C o n v e r g e n c e  o f  p r e d i c t i o n s  f o r  c o m p o s i t e  s t r e n g t h  
f o r  ( a )  n = 1 -9  f i b r e s ,  w= p - 5
(b )  n=  1 -9  f i b r e s ,  w ^/3 = 10
( c )  c o n v e r g e n c e  l i m i t  f o r  w = 3 - 5 0
From H ar low  & P h o e n i x . r e f . (  39') . c o n t d .  . .
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0.90r
- 1.6
in lx/x0;
-L2  - 0 8  - 0 4
0.50 wn» I ’ ll ~6n) 
0.25 Gn.l-d’^"
0.10
I0 2
io'3
£  io*5
Locol Lood Shoring (LLS) 
FUM-EXpfrxAo)^
/3 « 10
' 1
0 0
2 -2
4 - 4
6 -6 3
8 _ -8 -r3 3
l ° f
•-10 L7
i
Wn
12 -1 2  ^
-n»l 14 -1 4
n*2
-n«3 16 -16
■n =4 -18n = 5,6,7,8,9 18
2 0
8 
8 
• 
l
10
0.2 03 0.4 05 06 07 08 IJO
Dimensionless Load,x/x0
Convergence o f  th e transform ed p ro b a b ility  d istribu tion  
fo r  bundle strength as bundle size  increases. L ocal load  sharing (LLS) 
is assumed.
(b )
In (x/x
- 1.6 • 1.2
0 '
-08
0.90
0.50
0.25
0.10
io'2
Cl 10'3
0) IO'43
£ I0‘5
o IO'6
1Q IO'7O-OOIk. IO'8CL
I0‘9-
- 0 4------j------1------ - ---- 1------!------r
Conjecture: W.1 W#
• LLS r pi
1
F( x )= 1 - EXP [-(*/x0) J ^
l/n  /
V - t ' - V  /  / ,
n '9 X  /  /
p*~b /  p*5 /o*7 /d*I0/d*I5/d<251 p*50/
i /  . /  i /  i /  . i / . .1 1 1 . L
0 0
2 -2
4 -4
6 - 6
8  _ -8  3
3 1
1 0 ?
-1 0  5 -
3
12 -12 i*o
14 - 1 4  ^
16 - 1 6
18 - 1 8
2 0 - 2 0
- 2 2
0 .2  0 3  0 4  0 5  0 5  0 7  0 8  UO
Dimensionless Load, x/xQ
C onjectured lim it fo r  the transform ed d istr ibu tion  o f  
bundle strength as bundle size  n increases (actual resu lts fo r  n = 9).
( c)
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shims
Composite : pre-preg or
tows wound on frame (not shown)
Mould
F i g .  13  O p e n - e n d e d  t r o u g h  m o u l d ,  w i t h  s h im s  u s e d  t o
d e t e r m i n e  t h e  t n i c h n e s s  o f  t h e  m o u l d e d  o o m n o s i t c
TOW S P R E A D I N G  APPARATUS
Tow Feed
O v e r f l o w
m e t r e s
Water
Tow in
' Spread F ibres
V Out
N OZ ZLE  DETAIL
F i g . .14 D i v e r g e n t - f l o w  a p p a r a t u s  f o r  s p r e a d i n g  a  
t o w  o f  c a r b o n  f i b r e .
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3-LAYER HYBRID
CARBOH DI SPERSION
MULTI-LAYER HYBRID
DI SPERSION
P i g .  16 The d e f i n i t i o n  o f  d i s p e r s i o n  f o r  3 - p l y ,  
a n d  mil I t  i p  1 e - p l y  l a m i n a t e d  h y b r i d s .
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F i g  . 18 'Ac o u s t  i c - e m i s s i o n  p u l s e s  show ing  ’r i n g - d o w n ’ .
:cer
A2
:uce
! sorter U :  U
UOdh 
Logic outputs
60db20db
Chart recorder
Analogue
output
Parallel BCD 
for logging
Pulse
Yout
! Input A ,
Counte: ir.er
The systern, u s e d  t o  m o n i t o r  a c o u s t i c  e m i s s i o n19
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' i g . 20 T e n s i l e  f a i l u r e  o f  
c o m p o s i t e .
a 1 1 - c a r t o n  f i b r e
r is T e n s i l e  f a i l u r e  o: 
c o m p o s i t e .
. l l - s l a s , i  i  o r ;
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O  LU
O TX
0,0150,010 0,005
Strain
P i g .  23  A c o u s t i c  e m i s s i o n / s t r a i n  t r a c e  f o r  a n  a l l ­
c a r b o n  f i b r e  c o m p o s i t e .  ( 1 2  p l y , H T S - c a r b o n  )
<u
o
cr
u
in
3
O
u
<
0,020,010
Strain
F i g .  24 A c o u s t i c  e m i s s i o n / s t r a i n  t r a c e  f o r  a n  a l l ­
g l a s s  f i b r e  c o m p o s i t e .  ( 1 2  p l y  l a m i n a t e  )
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G L A S S  CAR BON  G L A S S
I N T E R F A C E
D E B O N D I N G
T R A N S V E R S E  
F R A C T U R E  —
D E B O N D  
LE N G T H  L,
TH o’ S c h e m a t i c  d i a g r a m  o f  a t r a n s v e r s e  f r a c t u r e  o f  
t h e  c a r b o n - p l y  i n  a l a m i n a t e d  h y b r i d . s h o w i n g  
t n e  a s s o c i a t e d  d e l a m i n a t i o n s .
V
pa
, 1 0 0  jum
L o n g i t u d i n a l  s e c t i o n  t h r o u g h  a f r a c t u r e  s i m i l a r  
t o  F i g . 2d.  The a r r o w s  i n d i c a t e  t h e  d e l a m i n a t i o n s  
w h i c h  e x t e n d  f u r t h e r  o u t  o f  t h e  f i e l d  o f  v i e w .
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5 0 0  j jmi i
F i g .  27 S p a n n i n g  e l e c t r o n  m i c r o g r a p h  o f  a g l a s s - p l y  
a f t e r  f r a c t u r e  a n d  d e l a m i n a t i o n  o f  t h e  
c a r b o n - p l y .  S h o r t  l e n g t h s  o f  c a r b o n  f i b r e  
r e m a i n  b o n d e d  t r a c i n g  t n e  f r a c t u r e  p a t h .
, 5 0 0  jj m ,
F i g .  28 S e c t i o n  o f  a c a r b o n - p l y  f a i l u r e  i n  t h e  p l a n e  
o f  l a m i n a t i o n .
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C A R B O N  PLY F R A C T U R E  *
F i g .  29 M u l t i p l e - c r a c k i n g  ( a r r o w e d )  a nd  a c c o m p a n y i n g  
d e l a m i n a t i o n s  ( l i g h t e r  a r e a s )  i n  l a m i n a t e d  
h y b r i d s .
(On n e x t  p a g e )
L o a d / s t r a i n  t r a c e s  f o r  t h r e e - p l y  l a m i n a t e d  
h y b r i d s .  The l e t t e r s  d e n o t e  s u c c e s s i v e  
f r a c t u r e s  o f  t h e  c a r b o n - p l y  a s  t h e  s p e c i m e n s  
u n d e r w e n t  mu i t  i p 1e - c r a c k i n g .
The l a y - u p  s e q u e n c e s  a r e :
( i )  6 g l a s s .  7 R M S - c a r b o n  . 6  g l a s s  p r e - p r e g s
( i i )  8 " ' 3 " 8 " * rr
( i i i ) 9  1 r! 9
( i v )  9 M 1 H T S - c a r b o n  9 n rr
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St ra i n
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0 0,020,01
S t r a i n
( i ) ( i i )
20
<Je
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0,010 0,02
S t r a i n
20
2
T5DO
0,01
St ra i n
0,02
i  i  i*) ( i v )
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1 c 1
! w o in *• in XJ in i
1 o u D |
! F i oo cr> 1I
U n f a i l e d  w i t h  
z e r o  l o a d
L o a d e d  & d e l a m i n a t e d
I N T E R F A C E
S E P A R A T I O N
L o a d  t r a n s f e r  
r e g i o n
• c
L o a d e d  & u n f a i l e d
F i g .  31 ■
M o d e l  f o r  t h e  s e p a r a t i o n  
o f  t h e  p l i e s  a t  a  d e ls c n -  
i n a t e d  i n t e r f a c e .
T O T A L  H Y B R ID  LOAD
LOAD
T O T A L  G L A S S  LOAD ( b o t h  p l i e s )
T O T A L  CARBON LOAD
DEBOND LENGTH L Q - - - - - -
R E G IO N  O F  F R I C T I O N A L  
LOAD T R A N S F E R
R E G IO N  O F E L A S T I C  
LOAD T R A N S F E R
D I S T A N C E  FROM T R A N S V E R S E  F R A C TU R E
F i g .  3 2  M o d e l  f o r  t h e  l o a d s  i n  t h e  c a r b o n  a n d  g l a s s '  
p l i e s  t o  o n e  s i d e  o f  a  c a r b o n - p l y  f r a c t u r e .
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/ 3 ( x  1 0 ' 3 ) pa y2
r i g .  3 3  V a r i a t i o n  o f  t h e  l e n g t h  o f  d e l a m i n a t i o n  w i t h  
t h e  s t i f f n e s s  p a r a m e t e r  0  f o r  h y b r i d s  w i t h  
a  s i n g l e  c a r b o n  f i b r e  l a m i n a .
0,016
L21 30
F i a .
M O ' 3 ) Pa^
V a r i a t i o n  o f  t h e  f i r s t  f a i l u r e  s t r a i n  o f  t h e  
c a r b o n - p l y  i n  h y b r i d s  c o n t a i n i n g  a. s i n g l e  
l a m i n a  o f  c a r b o n  f i b r e .
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D e l a m i n a t i o n
l ' 3 G  1 C  3 G
^ ' U r U U U f y / ' h ^ ' . u':~ ~ nw=SH>^ a?5§
 '-■■"■■■■:^-n'!;-rUi i ’m  •••• - : ■I’J t , »
. * * * .« • ;  -<■><!
0,00 8 STRAIN
9SSSS
0,006
fifcvk}"
0,003
P i g .  36 L a s e r  m o i r e  f r i n g e s  f o r  s p e c i m e n  A a t  f a i l u r e  
o f  t h e  c a r b o n - p l y ,  a n d  t w o  l o w e r  l o a d s .
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D e i a m i n a t i o n 
■#—  — — —  .
4G 1C 4G
& i i i p i a i
m ^ m m m
i a p i l
M M t
0,01 STRAIN
M flh ij lmH’npU'iUnmS i l i S l
0,007
0,0035
F i g .  37 L a s e r  m o i r e  f r i n g e s  f o r  s p e c i m e n  3 a t  f a i l u r e  
o f  t h e  c a r b o n - p l y  a n d  t wo  l o w e r  l o a d s .
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D e l a m i n a t  i o n
WmH^tsrzM
m M wM
0,011 STRAIN
I til i U i \ W  U\V\\\V-V'A^^,
" ' p p p t l l p ^ p *
A X v ^ s ^ ^ S f l S i ^ t e M r :
mum*
0,005
0,002
iq'p m o i r e  f r i n g e s  f o r  s i oec imen  C a t  f a i l u r e  
t h e  c a r b o n - e l y .  a n d  two  l o w e r  l o a d s .
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1.0
D ebond
lO 20 25
LENGTH mm
F i g .  39 S t r a i n  t r a c e s  f o r  s p e c i m e n  A f r o m t h e  m o i r e  - 1  • 1  
... f r i n g e s  i n  F i g  , . 3 S . . . . . . .  j 'j
• •  »
1.0
Debond
0,5
10 20
LEN G TH  mm
F i g .  4 0  S t r a i n  t r a c e s  f o r  s p e c i m e n  3  f r o m  t h e  m o i r e  
f r i n g e s  i n  F i g . 3 7 .
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1,0
0.5
lO 20 25
LE N G TH  mm
F i g .  41 S t r a i n  t r a c e s  f o r  s p e c i m e n  C f r o m  t h e  m o i r e  
f r i n g e s  " i n  F i g .  3 8 ,
Carbon
CT— — O 4 2  L as e r  m o i r e  specimen  c o n t a i n i n g  a h a l f - l e n g t h  
c a r b o n - p l y ' b e t w e e n  two g l a s s - p l i e s .
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F i g s .  4 3 - 4 6  (On f o l l o w i n g  p a g e s . )
F i g .
L a s e r  m o i r e  f r i n g e s  f o r  S e r i e s  Two s p e c i m e n s  
w i t h  h a l f - l e n g t h  c a r b o n - p l i e s . I n  a l l  c a s e s  
t h e  c a r b o n - p l y  e x t e n d s  t o  t h e  r i g h t  f rom  I t s  
end  l e f t  o f  c e n t r e ,  an d  a p p e a r s  d a r k e r .  The 
t e n s i l e  a x i s  i s  h o r i z o n t a l .  D e l a m i n a t i o n , w h i c h  
i n i t i a t e s  a t  t h e  end  o f  t h e  c a r b o n - p l y  a p p e a r s  
l i g h t e r  i n  t h e  p h o t o g r a p h s  w i t h o u t  f r i n g e s .
43 -M o i re  f r i n g e s  f o r  s p e c i m e n  D.
(3  g l a s s - 1  c a r b o n - 3  g l a s s  l a m i n a e )
Frame Load (KF) Comment
( a )  6 . 6  D e l a m i n a t i o n  i n i t i a t e s .
I !  t t
I!  i t -  I I
I !  I I  I f
I !  I t  I I
I I  t t  I t
(b )  6 . 6
( 0) 8 . 0  C o n t r o l l e d  g r o w t h  o f  d e l a m i n a t i o n
(d )  8 . 0
( e )  8 . 4
( f )  8 . 4
(g )  9 . 0
(h )  9 . 0  "
(1 )  9 . 3  U n s t a b l e  p r o p a g a t i o n  o f  d e l a m ­
i n a t i o n .
( j )  9 -3
(k )  9 . 3
(1 )  9 . 3
(m) 0 . 3  U n l o a d e d .
I I  I I  t l
I I  I I  I I
I !  I t  I!
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F i g .  43
161
(g)
( h )
( i )
( j )
( k )
( 1)
( m)
162
P i g . 4 4  M o i r e  f r i n g e s  f o r  s p e c i m e n  E.
( 3  g l a s s -  I  c a r b o n - 3  g l a s s  l a m i n a e )
F r a m e  L o a d  ( KN j Comment
( a )  3 . 9  No d a m a g e
( b )  8 . 0 n tr
( c )  C o n t r o l l e d  g r o w t h  o f  d e l a m i n a t i o n
rr rr ri( d )  9 . 3
( e ) 9 . 3
( f )  3 . 9  U n l o a d i n g
( g )  1 . 2
rr rr
rr
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if
( a )
Cb)
( c )
( d )
( e)
( f )
(g)
P i g . 44 164
W w /fm  m  
w M w S /0 '
F i g .  4 5  M o i r e  f r i n g e s  f o r  s p e c i m e n  G.
( 3  g l a s s - 2  c a r b o n - 3  g l a s s  l a m i n a e )
F r a m e  L o a d  (KIT) Commen t
( a )  8 . 2  F o  d a m a g e
( b )  9 . 0  I n i t i a t i o n  o f  d e l a m i n a t i o n .
( c )  9 . 0
( d )  2 . 0  U n l o a d e d .
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¥'iwf/ft.
p  W im
m lkw t L : ■ -r8: 'ift/fh *
P i g „ 45
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P i g .  46 M o i r e  f r i n g e s  f o r  s p e c i m e n  H.
( 6  g l a s s - 2  c a r b o n - 6  g l a s s  l a m i n a e )
F r a m e  L o a d  (KN) C o mme n t
( a )  5 . 4  No d a m a g e
( b )  5 . 4  M M
( c )  1 7 . 0  C o n t r o l l e d  g r o w t h  o f  d e l a m i n a t i o n ,
( d )  1 7 . 0  ” n ff n
( e )  1 7 . 0  U n l o a d i n g
( f )  8 . 2  "
■.(g) 3 . 8
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(b)
( c)
( d )
( e)
( f )
(g)
7//V/rV //7f/ /  ’ ! i t t .
F i g .  46 168
-•carbon
glass
— debonding
iracture
r i g .  47 E s s e n t i a l  f e a t u r e s  o f  a f a i l u r e  o f  a c a r b o n  
f i b r e  b u n d l e  i n  a d i v i d e d - t o w  h y b r i d .
r i g .  48 M u l t i p l e  f r a c t u r e s  o f  t h e  c a r b o n  f i b r e  b u n d l e s  
i n  d i v i d e d - t o w  h y b r i d s  c o n t a i n i n g ;
( a )  1 0 , 0 0 0  f i b r e s
( b )  3 , 6 2 0  f i b r e s
( c) 1 , 6 2 0  f i b r e s
( d )  6 3 0  f i b r e s
'( M i c r o g r a p h s  on n e x t  p a g e  )
169
( C ) ( a )
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F i g .  49 C a r b o n  f i b r e  f r a c t u r e s  i n  a s p r e a d - t o w  h y b r i d  
s t r a i n e d  t o  0 , 0 2 .  The l i g h t e r  a r e a s  a r e  d e b o n d  
i n g  a t  t h e  g l a s s  c a r b o n  f i b r e  i n t e r f a c e .
D E B O N D
L E N G T H
N o  o f  F i b r e s  in B u n d l e
F i g .  50  V a r i a t i o n  o f  t h e  c h a r a c t e r i s t i c  d e b o n d  l e n g t h  
i n  d i v i d e d - t o w  h y b r i d s .
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3 0 0
CRACK
D E N S ' T Y
- 1m
200
l O O
/ 630  F i b r e s
1 . 6 2 0  Fi b r es
/
, ' / V  , /
* 3 . 6 2 0  F i b r e s
1 0 . 0 0 0  F i b r e s
/** / IS
y^ 'J l 1
•'"Jk? i X'
S T RAI N ® /c
F i g .  51  D e n s i t y  o f  c a r b o n  f i b r e  b u n d l e  f r a c t u r e s  v s  
s t r a i n  f o r  t h e  d i v i d e d - t o w  h v b r i d s .
5 O O  r
CR AC K D E N S I T I E S  C O R R E C T E D  wi th 
V I S I B L E  D E B O N D  L E N G T H
4 0 0
1 0 . 0 0 0  F i b r e s 1.620 Fi b r es
3 0 0 630 F i b r e s
CR AC K
DENSITY 3 . 6 2 0  F i b r e s
200
I O O
2 .0 2 . 2 51.75
S TRAI N ° /o i
F i g .  52
C u r v e s  f r o m  F i g . 51 
c o r r e c t e d  t o  a l l o w  
f o r  t h e  d e b o n d e d  
z o n e  a t  e a c h  f r a c t ­
u r e  .
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1.000 C L O S E S T  10 ° / o  of  DE B O N D  S P A C I N G S
1 . 6 2 0  F i b r e s
8 0 0
630 Fibres
600
C r a c k
D e n s i t y
, - 1 ,
3 . 6 2 0  F i b r e s
4 00
1 0 . 0 0 0  F i b r e s
200
2 .01.5 1. 75 2 . 2 5
STRAIN °/o
F i g .  5 3  C u r v e s  f r o m  F i g .  5 1  c o r r e c t e d  t o  a l l o w  f o r  
t h e  l e n g t h  o f  c a r b o n '  f i b r e  b u n d l e  c a r r y i n g  
r e d u c e d  l o a d  a t  e a c h  m a c r o s c o p i c  f r a c t u r e .
ca l ib rat ion marks 
on screen
f ibre
laser variable separation 
is measured
F i g .  5 4  D i f f r a c t i o n  m e t h o d  o f  m e a s u r i n g  t h e  d i a m e t e r  
o f  c a r b o n  f i b r e s .
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COUR T AU L D' S  H T S - F I B R E  S T R E N G T H  e n d  
WE ( BUL L D I S T R I B U T I O N S
F R A C T I O N
F AI LE D
Length 5 0  mm lOmm
1.0
0 .5
5 .04 .03.02 .0O 1.0
S T R E S S  G P o
F i g .  5 5  C u m u l a t i v e  d i s t r i b u t i o n  f o r  f a i l u r e  o f  s i n g l e  
H T S - c a r b o n  f i b r e s ,  w i t h  f i t t e d  W e i b u l l  c u r v e s .
5
A
3
2
Gauge length
► 50 mm
> 10 mm
0,030,020
F i g .  5 6
F a i l u r e  s t r e s s - v s .  
n o m i n a l  s t r a i n  f o r  
H T S - c a r b o n  f i b r e s  
t e s t e d  i n d i v i d u a l l y
Nominal st rain
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3,13
0 10 50 100
F ib re  leng th  (mm)
F i g .  5 7  M e a n  f a i l u r e  s t r e s s  o f  s i n g l e  .HTS-c a r b o n  f i b r e s  
a s  a  f u n c t i o n  o f  g a u g e  l e n g t h , ( l o g a r i t h m i c  a x e s )
F i g .  5 8  ( On n e x t  p a g e  )
A c o u s t i c  e m i s s i o n  a n d  l o a d  /  s t r a i n  c u r v e s  
f o r  t h e  w e t  l a y - u p  c o m p o s i t e s .
( a )  a l l - c a r b o n  f i b r e
( b )  a l l - g l a s s  f i b r e
( c )  10  0 0 0  c a r b o n  f i b r e  b u n d l e s
( d )  3 . 6 2 0  !! " "
( e )  1 , 6 2 0  M . "
( f )  6 3 0  T? ■ n ft
( g )  s p r e a d - t o w .  1mm g l a s s - p l i e s
( h )  n n , 0 . 5  mm
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Load
5,000 r  
A.E.Counts 
s~l
20 KN-
■Acoustic  e m i s s i o n  
r a t e
(c)
(e)
(f).
x 10  s c a l e  c h a n g e .
^ x  10  s c a l e  c h a n g e .
( h )
STRAIN 0,02
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Coeff. corr. 0,994
0
Acoust ic  emission to ta
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ED
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x Acoustic emission 
o Matrix cracks
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Coeft. corr. 0,996
0 5,000 10,000
No. of f ibres in bundle.
F i g .  59
( a )  C o r r e l a t i o n  
b e t w e e n  t o t a l  . 
a c o u s t i c  e m i s s i o n  
and number  o f  
m a t r i x  c r a c k s .
(b )  The same d a t a  
p r e s e n t e d  a g a i n s t  
s t r a i n .
F i g .  SO
C o r r e l a t i o n  b e t w e e n  
; a c o u s t i c  e m i s s i o n  
j an d  t h e  number  o f  
| c a r b o n  f i b r e s  i n  
| d i v i d e d - t o w  h y b r i d s .
177
10 jjm i
F i g .  61 L o n g i t u d i n a l  s e c t i o n  o f  a m a t r i x  c r a c k ,
( Code 69 e p o x y  r e s i n  )
178
P i g .  6 5 M a t r i x  c r a c k i n g  i n  a l l - g l a s s  f i b r e  we t  l a y - u p  
c o m p o s i t e s .
M a t r i x  c r a c k i n g  i n  s p r e a d - t o w  h y b r i d s
0.0 %
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F i g .  66 S u r f a c e  r e s i n  c r a c k s  i n  a l l - g i a s s  f i b r e  c o m p o s i t e s
( a )  U n s t r a i n e d ,  ( b )  s t r a i n e d  t o  0 . 0 2 3
1100 jjm ,
67 - a r g e  m a t r i x  c r a c k s  i n  t h e  c a r b o n  f i b r e  l a y e r  
o f  a s o r e a d - t o w  h v b r i d  s t r a i n e d  t o  0 . 0 2
( a )  & ( b )  s e p a r a t e  c r a c k s
( c )  & ( d )  c r a c k s  i n  l i n e s
( b )  & ( d )  a r e  a t  h i g h e r  m a g n i f i c a t i o n .
( On n e x t  p a g e  )
181
182
t 100 ,u m [
F i g .  68 M a t r i x  c r a c k s  s i m i l a r  t o  F i g .  67 i n
p o l a r i s e d  l i g h t  s h o w i n g  s t r a i n  f i e l d s  
a s  l i g h t e r  a r e a s .
{ 100 j j m ,
F i g .  69 G l a s s  f i b r e s  b r i d g i n g  t h e  d e l a m i n a t e d  i n t e r f a c e  
b e t w e e n  c a r b o n  a n d  g l a s s - p l i e s .
183
, 100 j j m ,
S e c t i o n  o f  a c a r b o n  f i b  -e l a y e r  i n  a 
s p r e a d - t o w  h y b r i d  s t r a i n e d  t o  0 . 0 2
( On n e x t  p a g e  )
The c a r b o n  l a y e r  o f  a s n r e a d - t o w  h y b r i d  
s t r a i n e d  t o  0 . 0 2 ,  t a k e n  i n  - p o l a r i s e d  
r e f l e c t e d  l i g h t  t o  show u p  t h e  d e b o n d i n g  
b e t w e e n  f i b r e  a n d  m a t r i x  a s  l i g h t e r  a r e a s .
( a )  L a r g e  g r o u p  o f  c a r b o n  f i b r e  f r a c t u r e s .
( b )  I n t e r m e d i a t e  n tr fr
( c )  I s o l a t e d  c a r b o n  f i b r e  f r a c t u r e s .
( d )  A p a i r  o f  a d j a c e n t  f i b r e  f r a c t u r e s , o n l  
one  o f  w h i c h  i s  d e b o n d e d .
(a) ,100 pm, (b)
(c)  , 100 pm, (d) 50 pm
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72  The m e th o d  o f  e l e c t r o l y t i c a l l y  e t c h i n g
s e c t i o n s  o f  c o m p o s i t e  t o  d e c o r a t e  c o n d u c t i n g  
f i b r e s .
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73 M eth o d  o f  d e t e r m i n i n g  t h e  d e p t h  t o  w h i c h  t h e  
e l e c t r o l y t i c  d e c o r a t i o n  c a n  d e t e c t  
n o n - c o n d u c t i n g  s e c t i o n s  o f  f i b r e s .
186
22
500 j jm  100 j jm
F i g .  74 S e c t i o n s  o f  c a r b o n  f i b r e  c o m p o s i t e  e t c h e d  a s
shown i n  f i g u r e  7 3 .  D a r k  f i b r e s  a r e  c o n d u c t i n g
»x. .
U
F i g .  75 E l e c t r o l y t i c a l l y  d e c o r a t e d  s e c t i o n s  o f  c a r b o n  
f i b r e  c o m p o s i t e , ( a ) u n s t r a i n e d  w i t h  no f i b r e  
f r a c t u r e s , ( b ) s t r a i n e d  t o  f a i l u r e , 0 . 0 1 3 , s h o w i n g  
a s i n g l e  n o n - c o n d u c t i n g  ( b r i g h t )  f i b r e  e n d .
, 5 0 0~ pim. .
>
r
i *
100 jjm
f r a c t u r e s  i n  a l a m i n a t e d
h y b r i d ,  ( a )  f o c u s  a t  s u r f a c e ,  (b )  f o c u s  b e l o w  
s u r f a c e  i n  p o l a r i s e d  l i g h t  t o  show m a t r i x  c r a c k s .
■
» * /  *
tw
1 n i l r
i  •«.
V  . , n y -* '•’ . 4 * i T
1
 ^ * * W
r  ^  4  s *w s . * * *c .
,  ©  ,  >- -
s  £  •  %
.  Cf ■-■ >< ^ 1 • %
7  *7  Z & w & t P
*
. v .  :;4 : **
/ . >
\  t f i * * X > -T . ■* * ♦ -I ■ •* 2>
f j  - '• / ;
•& ■ « •
i#: V* . ^■V • ’ *V ' ^ t :?•> . '
' *r
F  V / . *** i  n H H U  #r 
V - **  j  V ,  . ^  >
r  ^  ^ t  ♦ . 
%
■ m ■
77 E t c h e d  s e c t i o n s  o f  s o r e a d - t o w  h y b r i d s  s t r a i n e d  
t o ;  ( a )  0 . 0 0 9  " ( b )  0 . 0 1 1
’ 5 0 0  j j m  ( c o n t d .  o v e r . . . )
188
, 500 j jm ,
( c) 0 . 0 1 4  s t r a i n  ( d )  0 . 0 1 7  s t r a i n
t 500 j j m  ,
e)  0 . 0 2 0  s t r a i n  ( f )  0 . 0 2 3  s t r a i n
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F i g .  7 8  M o d e l  f o r  t h e  c a l c u l a t i o n  o f  t h e r m a l  s t r a i n s .
( a )  C o n t r a c t i o n s  i n  e a c h  p l 3 r .
( b )  P r o p o r t i o n  o f  s t r a i n  m i s m a t c h  a p p e a r i n g  
a s  c o m p r e s s i o n  i n  t h e  c a r b o n - p l y .
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F i g .  79 T h e rm a l  e x p a n s i o n s  f o r  c o m p o s i t e s  f a b r i c a t e d  
by w e t  l a y - u p .
F i g .  80 The p r i n c i p l e  o f  -r c o n s t r a i n t f i n  a c a r b o n - p l y  
s a n d w i c h e d  b e t w e e n  two g l a s s - p l i e s .
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F i g .  81 W e i b u l l  p r o b a b i l i t y  g r a p h ,  s i m i l a r  t o  F i g .  12,  
showing  t h e  v a r i a t i o n  o f  t h e  s t r e n g t h  o f  t h e  
c a r b o n  f i b r e  i n  c o m p o s i t e s  and s i n g l e  f i b r e  
t e s t s ,  w i t h  t h e  num ber  (mn) o f  h y p o t h e t i c a l  
’ e l e m e n t s 1 i n  a c o m p o s i t e ,  o r  s i n g l e  f i b r e .
The c u r v e s  p r e d i c t i n g  t h e  s t r e n g t h  o f  c o m p o s i t e s  
a r e  t a k e n  f rom  H a r lo w  & P h o e n i x ,  ( r e f .  39 ) ,  
and  a r e  b a s e d  on a c h a i n - o f - b u n d l e s  s t a t i s t i c a l  
m o d e l .
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F i g .  83 V a r i a t i o n  o f  t h e  f a i l u r e  s t r a i n  o f
a l l - H T S  c a r b o n  f i b r e  l a m i n a t e d  c o m p o s i t  
w i t h  t h e  r e c i p r o c a l  o f  t h e  t h i c k n e s s .
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F i g .  84 E f f e c t i v e  l o n g i t u d i n a l  m o d u lu s  o f  H T S -c a rb o n  
f i b r e  r e i n f o r c e d  epoxy  a s  a f u n c t i o n  o f  t h e  
f i b r e  o r i e n t a t i o n ,  c a l c u l a t e d  by B i s h o p  ( 6 7 ) .
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Carbon fibre
structure by electrolytic etching
S t u d i e s  o f  po lyacry lon itrile  (P A N )-b ased  c a rb o n  fibres have 
dem o n s tra ted  a concen tric  th ree-zone  sk in -sh e a th -c o re  s tru c ­
t u r e 1 7  o rig ina ting  in the  o x id a tio n  o f  the  p e rcu rso r fibre before 
pyrolysis h e a t- tre a tm en t5'6. I describe  here an  electro ly tic  ox id ­
atio n  trea tm en t th a t is effective in show ing up  different zones in 
carb o n  fibre sections.
PA N  fibres, 1.5 denier were oxidised in a ir a t 230 °C fo r e ither 
30 m in o r 2 h, and  h ea t-trea ted  a t 1,000 °C, 1,400 °C o r 2,500 CC 
giving in to ta l six fibre types. Single tow s o f  each fibre type were 
m o u n ted  in epoxy resin b locks and  3-m m  th ick  disks were cut 
n o rm al to  the fibre axis. T he d isks were po lished on one side and  
sp u tte r-co a ted  w ith gold on  the  o th e r to  m ake electrical co n ­
nection  to  all fibre ends. F o r  electro lysis the po lished  face was 
m ade an o d e  in a 2 M su lphuric  acid b a th  w ith c a rb o n  cathode. 
L ong itud inal fibre sections were also p rep ared  in a sim ilar 
m anner. In these, conduction  th rough  the disk is by fibre-to-fibre 
co n tac t, and  it was necessary to  use a h igh-vo lum e frac tio n  
com posite  o f  com m ercial type 2 P A N -b ased  fibre ra th e r  th an  
single tow s in o rd e r to  achieve sufficient conductiv ity . T he 
electro ly tic  trea tm en t is basically  an o d ic  o x idation . A verage 
cu rren t density  a t the fibre ends w as lim ited to  140 A m - 2  for 
convenien t trea tm en t tim es, th o u g h  n e ither acid co n cen tra tio n  
n o r cu rren t density  were fo und  to  be critical. Specim ens were 
rem oved a fte r in tervals o f  10-60 s, an d  rinsed in d istilled w ater 
before m icroscopy.
In the initial stages o f  the  trea tm en t, fibre surfaces developed 
co lou rs which la te r dulled as ox idative  rem oval o f  c a rb o n  form ed 
relief. T he co lo u rs are  believed to  arise  from  in terference in a th in  
surface layer w ith different op tica l p roperties , fo rm ed  by in ­
te rca la tio n  o f  su lphuric  acid in to  the fib re7,8. As the op tica l p a th  
difference inferred  from  the  in terference c o lo u r increases linearly  
a t a ra te  o f  0.18 m n per C /m 2, the advan cem en t o f  any  p a rticu la r  
area  in the  in terference series is an  in d ica to r o f  its ex ten t o f  
reac tion  in fo rm ing  an  in te rca la tio n  co m p o u n d . T he co lou rs 
extend only to  second o rd er blue, w hich is m a in ta in ed  a fte r relief 
is developed. Specim ens were exam ined  soon  a fte r  etch ing  as the 
co lou rs fade over a period  o f  several w eeks a t ro o m  tem p era tu re .
F o r  all sections cut no rm al to  the  fibre axis the sh ea th  e tched  
m ore  rap id ly  th an  the core, an d  increasing ly  so fo r h igher heat- 
trea tm en t tem p era tu res (H T T ) (Fig'. Ic -e , h -j) . In every case 
e tch ing  in the sheath  decreases o u tw ard s, b u t there  a re  differences 
in this g ra d a tio n  betw een H T T ’s. A  d a rk  ring  o f  very e tched  
m ateria l, ap p ro x im ate ly  1 w ide, im m edia te ly  su rro u n d s  the 
core  in 2,500 °C H T T  fibres, w hile the rem a in d e r o f  the  sh ea th  is 
un ifo rm ly  e tched  at a low er ra te . F ib res h e a t-tre a te d  a t 1,000 C 
an d  1,400 °C show  a m ore  even o u tw a rd  decrease  in e tch ing  o f  the 
sh ea th  w hich is show n clearly  by the (co lou red ) co n cen tric  rings in 
Fig. 2b, an d  the sm oo th  co n to u rs  in F ig. 1 d, e, i ,j .  T h e  co re  e tched  
un ifo rm ly  fo r all heat trea tm e n ts  and  is seen as a p la te au  in fibres 
show ing relief. In long itu d in a l sections b o th  sh ea th  and  core  
e tched un iform ly, bu t the core  m ore  rap id ly  th a n  the  sh ea th , a 
reversal o f  the  o rd er in transv erse  sections (F ig. 2a).
W att an d  Jo h n so n 5 have observed  o x id a tio n  zones in th in  
sections o f  the PA N  fibres from  w hich the  c a rb o n  fibres exam ined  
here w ere m ade. T he th ickness o f  the  d a rk e r  oxid ised  zone 
c o rre sp o n d in g  to  the shea th  increases w ith  the  sq u a re  ro o t o f  
ox idation  tim e (Fig. l a , / )  and  after heat trea tm en t the s tru c tu re  is 
ap p aren t in polarised ligh t2-3-6 (Fig. 1 h,g). D irect co m p ariso n  o f  
the zone d im ensions in oxidised  an d  carb o n ised  fibres is no t 
possib le because o f the  sh rin k ag e  from  13 to  8 d iam ete r, b u t 
the relative shea th  th icknesses c o rre sp o n d . In  p o larised  light a 
M altese  cross is seen in b o th  sh ea th  and  skin , w hereas the  co re  is 
op tically  iso trop ic . T he c o n tra s t is low er in 1,000 °C an d  1,400 °C 
H T T  fibres b u t the  p a tte rn  rem ain s the  sam e. T hese p a tte rn s  have 
been in te rp re ted  in term s o f  the  c -p lane o r ien ta tio n  a b o u t the fibre 
ax is2-3, w hich fo r the 8 pm  P A N -b ased  fibres is th o u g h t to  be 
concen tric  in the skin, rad ia l in the sh ea th  an d  ra n d o m  in the  core. 
T his m odel agrees well w ith  the  s tru c tu re  seen on  frac tu re  
su rfaces2 an d  in p lasm a-oxid ised  fibre se c tio n s1, w here  rad ia l 
s tria tio n s m ay  be seen in the sh ea th , an d  c ircu m feren tia l rings in 
the  skin. O rien ta tio n  is less a p p a re n t in these su rfaces below
2,000 °C H T T , and  it is n o ted  th a t  only  in Fig. \ h  (2,500 °C H T T ) 
are  there  d a rk  rad ia l s treak s in the  shea th .
It is becom ing  evident th a t the  sh e a th /co re  d is tin c tio n  is n o t 
sim ply one o f  c-plane o rien ta tio n . E lectron  m ic ro sco p y  o f  
crushed  fibre frag m en ts4, and  e lectron  d iffrac tion  s tud ies o f  tap e r- 
th in n ed  fib res2 show  decreasing  la y e r-p la n e  m iso rie n ta tio n  and
Fig. 1 Transverse fibre sections, air- 
oxidised at 230 °C for 30 min (a-e) 
or 2 h (f-j). a/ ,  Thin sections of 
PAN fibre before heat-treatment.
b,g. Polarised light, 2,500 °C HTT.
c,h, Etch colours in 2,500 °C HTT 
fibres. d,i, Etch relief in 1,400 °C 
HTT fibres, e j,  Etch relief in 
1,000 "C HTT fibres. Scale bar, 10
p m .
Fig. 2 Etched sections of commercial type 2 PAN-based carbon 
fibres, a, The two centre fibres show a dark core more etched than the 
sheath, b, Concentric (coloured) rings in the sheath indicate a 
decrease of etching outwards. Scale bar, 10 gm.
d ecreasing  crysta llite  stack ing  height from  the fibre cen tre  o u t­
w ards. A  u n ifo rm  o u tw a rd  decrease is a ssoc iated  w ith the  low er 
h e a t-tre a tm en t tem p era tu res , b u t fo r 2,500 °C H T T  fibre the  
tran s itio n  tak es place in a n a rro w  l-^ m  wide b a n d ; p a tte rn s  
w hich are  m irro red  in the e tched fibre surfaces (F ig. 1 c-e , h - j ).
T he th ickness o f  the  in te rca la ted  layer m ight be expected to 
vary  w ith  the  in c lination  o f  the c p lanes to  the  surface, rising to  a 
m ax im um  w hen they are  no rm al. I f  there  are  p referred  c ircu m fer­
en tia l an d  rad ia l c rysta llite  o rien ta tio n s  any  non-d iam etric  lo ng i­
tu d in a l section  will show  som e v a ria tio n  o f  the  m ean c p lan e  to  
su rface  angle  w ith in  zones, w hich m ight be reflected in v a ria tio n  
o f  th e  e tch ing  ra te  across the zones. In  fact, the zones etch 
un ifo rm ly  (F ig . 2a), show ing  th a t the  techn ique  is insensitive to  
such o r ien ta tio n  as m ay exist. D ifferences in c rysta llite  mis- 
o rien ta tio n  in sh ea th  an d  core  will give rise to  differences in p lane 
edge density  in transv erse  sections, b u t these do  n o t seem  ab le  to  
acc o u n t fo r the c o n tra s t  in etch  rates.
In  lo n g itu d in a l sections in te rca la tio n  will in itially  tak e  place in 
c rysta llites p resen tin g  c-p lane edges to  the  surface, an d  the d ep th
o f  p en e tra tio n  will be lim ited by the crystallite  w idth. A  higher 
etch ing  ra te  will then  be assoc iated  w ith w ider crystallites. T he 
core is k now n  to  have g rea te r crystallite  th ickness th a n  the sheath , 
an d  it is possib le th a t  the effective crystallite  w id th  is also g reater, 
which w ould  acco u n t fo r its h igher ra te  o f  etching.
B ecause o f  the high axial c-p lane a lignm en t all crystallites in 
transverse  sections will be su itab ly  o rien ted  fo r in te rca la tion . But, 
the  ra te  o f  in te rca la tio n  is expected  to  be g reater in the less 
m iso rien ted  shea th  w here there  is g rea te r sep ara tio n  o f  lattice 
d is to rtio n s  h indering  p en etra tio n . It is p ro b ab le  also th a t axial 
c u rv a tu re  an d  fo ld ing  o f  layer p lanes p ro d u ces channels in which 
in te rca la tio n  is facilitated , an d  a h igher density  o f  these m ay 
acco m p an y  the  sm aller shea th  c rystallite  thickness.
These ideas com e som e way to  exp lain ing  the  reversal o f  sheath  
an d  core  etch  ra tes in lo n g itu d in al an d  transverse  sections. 
A lth o u g h  the  etch  p a tte rn s  can  on ly  be co rre la ted  w ith w hat is 
a lready  k n ow n o f  fibre fine stru c tu re , the technique  is w orth  
pu rsu in g  as a sim ple and  sensitive m o n ito r o f  m orpholog ical 
va ria tio n s aris ing  d u rin g  the processing  o f  P A N  fibre to  carb o n  
fibre. A s such it is an  aid in re la ting  stren g th  p rop erties  to 
stru c tu re , and  fo r th is ap p lica tio n  a p a rticu la r  ad v an tag e  o f 
cu rren t co n tro lled  e tch ing  is the  fact th a t in su la ting  resin m atrices 
are  n o t a ttack ed .
I th an k  W . W att and  W . Jo h n so n  o f  the R oyal A ircraft 
E stab lish m en t, F a rn b o ro u g h  fo r useful discussions and  for p ro ­
viding c a rb o n  fibres an d  the p h o to g rap h s  o f  PA N  fibres.
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APPENDIX TWO
FAILURE STRAIN ENHANCEMENT 
IN CARBON/GLASS FIBRE HYBRID COMPOSITES 
M. G. B a d e r ,  P. W. Manders
Departm ent o f  M e t a l l u r g y  and M a t e r i a l s  T e c h n o lo g y ,  
U n i v e r s i t y  o f  S u r r e y ,
G u i l d f o r d ,  S u r r e y ,  U.K.
1 .  INTRODUCTION
H ybrid  f i b r e - c o m p o s i t e s , c o n s i s t i n g  o f  tw o ,  or  m ore ,  f i b r e  t y p e s  
embedded i n  a common r e s i n  m a tr ix  h ave  r e c e n t l y  a t t r a c t e d  c o n s i d e r a b l e  
a t t e n t i o n ,  s e e  P h i l l i p s  [ 1 ] ,  s i n c e  t h e y  o f f e r  t h e  p o s s i b i l i t y  o f  
a c h i e v i n g  a b a l a n c e  o f  m e c h a n ic a l  p r o p e r t i e s  t h a t  c a n n o t  be r e a l i s e d  
i n  c o m p o s i t e s  o f  one f i b r e  t y p e .  Amongst  th e  p o s s i b i l i t i e s  c la im e d  
f o r  h y b r id  c o m p o s i t e s  a r e  t h e  more c o s t  e f f e c t i v e  u t i l i s a t i o n  o f  
e x p e n s i v e  r e i n f o r c i n g  f i b r e s  su c h  as  c a r b o n ,  and a m o d i f i c a t i o n  o f  th e  
mode o f  f a i l u r e  from the  o f t e n  su dden  and c a t a s t r o p h i c  s e q u e n c e  
o b s e r v e d  i n  many a l l - c a r b o n  c o m p o s i t e s ,  t o  a more g r a d u a l  and c o n t r o l l e d  
mode where one f i b r e  c o n t i n u e s  to  c a r r y  s t r e s s  a f t e r  f a i l u r e  has  
i n i t i a t e d  i n  th e  o t h e r .
T y p i c a l l y  a h ig h  modulus f i b r e  w i t h  a low s t r a i n  t o  f a i l u r e  i s
combined w i t h  one o f  lo w e r  modulus b u t  h i g h e r  f a i l u r e  s t r a i n ,  e . g .
carbon w i t h  g l a s s .  B u n s e l l  and H a r r i s  [2 ]  t e s t e d  t h r e e  l a y e r  g l a s s -  
carbon  h y b r id s  and r e p o r t e d  t h a t  th e  f a i l u r e  s t r a i n  f o r  h ig h -m o d u lu s  
carbon was i n c r e a s e d  by 80% i n  th e  g l a s s - c a r b o n  s a n d w ich  compared w i t h  
t h a t  f o r  an a l l  c a r b o n - f i b r e  c o m p o s i t e .  H owever,  t h e i r  a l l - c a r b o n  
c o m p o s i t e  showed an u n u s u a l l y  low s t r a i n  a t  f a i l u r e  o f  o n ly  0.3%.
They were  a b l e  t o  a c c o u n t  f o r  some 10% o f  th e  o b s e r v e d  . i n c r e a s e  i n  th e
h y b r id  by th e  r e s i d u a l  c o m p r e s s iv e  s t r e s s  in d u c e d  i n  th e  carbon l a y e r ,
due t o  t h e  th e r m a l  e x p a n s i o n  mism atch  b e tw e e n  the  g l a s s  and c a r b o n -  
f i b r e s , when th e  m a t e r i a l  was c o o l e d  down from  i t s  m o u ld in g  t e m p e r a t u r e .  
A v e s to n  and S i l l w o o d  [3]  made h y b r i d s  by i n c o r p o r a t i n g  s e p a r a t e d  
c a r b o n - f i b r e  tows w i t h  g l a s s  so  t h a t  th e  i n d i v i d u a l  c a r b o n - f i b r e s  were  
h i g h l y  d i s p e r s e d  w i t h  r e s p e e t  to  t h e  g l a s s .  They fo un d  up t o  100% 
i n c r e a s e  i n  t h e  c a r b o n - f i b r e  f a i l u r e  s t r a i n .  T h e i r  r e s u l t s  a r e ,  
h o w ev er ,  h a r d l y  com parab le  w i t h  t h o s e  o f  B u n s e l l  and H a r r i s  s i n c e  t h e  
l a t t e r  u s e d  a t h i c k  (0.4mm) carbon  p l y  t h i c k n e s s .  Zweben [ 4 ] ,  
d i s p e r s e d  tow s o f  c a r b o n - f i b r e  ( T h o m e l  300)  w i t h  p o ly a r a m id  
(K e v la r ^  4 9 )  b u t  fo u n d  a f a i l u r e  s t r a i n  en h an cem en t  o f  o n l y  4% i n  th e  
c a r b o n .
In  t h e  p r e s e n t  work we have  a t t e m p te d  t o  e x p l o r e  th e  e f f e c t s  o f  
th e  s t a t e  o f  d i s p e r s i o n  and th e  f i b r e  r a t i o  on t h e  f a i l u r e  s t r a i n  
en h a n c e m e n t ,  and h a v e  s t u d i e d  th e  modes o f  f a i l u r e  o b s e r v e d  i n  s i m p l e  
san d w ich  l a m in a t e  h y b r id  c o m p o s i t e s .
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P u b l i s h e d  i n :
P r o c e e d i n g s  o f  t h e  Second  i n t e r n a t i o n a l  C o n f e r e n c e  on 
C o m p o s i t e  M a t e r i a l s ,  T o r o n t o  1 978 .  
AIMS New Y o r k .  1978.
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NOMENCLATURE
Symbols
CT High t e n s i l e  c a rb o n  f i b r e  c o m p o s i t e
CM High modulus ca rb o n  f i b r e  c o m p o s i t e
EG "E" -  g l a s s  f i b r e  c o m p o s i t e
P P r o p o r t i o n  o f  h y b r i d  t h i c k n e s s  r e p r e s e n t e d  by  e a c h
r e i n f o r c i n g  com ponent  ( s u b s c r i p t e d )  
t  T h ic k n e s s  o f  a h y b r i d  component ( s u b s c r i p t e d )
D D i s p e r s i o n
c S t r a i n  o f  h y b r id  o r  h y b r id  component ( s u b s c r i p t e d )
T T em perature
a C om posite  th e r m a l  e x p a n s i o n  c o e f f i c i e n t  ( s u b s c r i p t e d )
S - S t i f f n e s s  o f  h y b r i d  o r  h y b r i d  component ( s u b s c r i p t e d )
Yp D ebonding  f r a c t u r e  e n e r g y
Yx T r a n s v e r s e  f r a c t u r e  e n e r g y
t F r i c t i o n a l  f o r c e  p e r  u n i t  a r e a  a t  debonded i n t e r f a c e
x D i s t a n c e  ( a l o n g  sp e c im e n  a x i s )  from c a r b o n - p l y
f a i l u r e
Lq Debond l e n g t h  t o  one s i d e  o f  c a r b o n - p l y  f r a c t u r e  j
W Energy term '
S u b s c r i p t s
c C a r b o n -p ly
g G l a s s - p l y
h H ybrid
u U l t im a t e  t e n s i l e
r S m a l l e s t  r e p r e s e n t a t i v e  r e p e a t  ( t h i c k n e s s )
t  Thermal
2 .  EXPERIMENTAL
2 . 1  M a t e r i a l s
A l l  th e  c o m p o s i t e s  w ere  f a b r i c a t e d  from u n i d i r e c t i o n a l  f i b r e  
" p r e -p r e g "  s h e e t s .  The f i b r e  t y p e s  w ere  s u r f a c e  t r e a t e d  h ig h -m o d u lu s  
carbon (CM), s u r f a c e  t r e a t e d  h i g h - s t r e n g t h  carbon (C T ) , and E - g l a s s  
(E G ) . The i m p r e g n a t i n g  r e s i n  was a p r o p r i e t a r y  e p o x i d e  sy s t e m  
( F o t h e r g i l l  and Harvey L t d . ,  Code 6 9 ) .  The p r e - p r e g  s h e e t s  were  
d e s i g n e d  t o  g i v e  a la m in a  t h i c k n e s s  o f  0.125mm a t  0 . 6  volum e f r a c t i o n .  
The n o m in a l  m e c h a n ic a l  p r o p e r t i e s -  o f  t h e  f i b r e s  as d e r i v e d  from  
c o m p o s i t e  t e s t s  a r e  g i v e n  i n  T a b le  I .
TABLE I
M e c h a n ic a l  P r o p e r t i e s  o f  F ib r e s  ( T y p i c a l )
F ib r e  Type T e n s i l e  Modulus  
GPa
T e n s i l e  
S t r e n g t h  GPa
F a i l u r e
S t r a i n
CM 320 2 . 2 2 0 . 0 0 6 9
CT 240 2 .7 6 0 . 0 1 1 5
EG 73 2 . 0 2 0 . 0 2 7 6--------------- 1
2 . 2  F a b r i c a t i o n
L a m in a te s  w ere  p r e p a r e d  by l a y i n g  up the  a p p r o p r i a t e  n eq u en ce  o f
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1 0 0  x  2 0 0 mm s h e e tB  o f  p r e - p r e g  ( f i b r e s  p a r a l l e l  t o  2 0 0 mm d i m e n s i o n ) , i n  
an o p e n -e n d e d  tr o u g h  m o u ld ,  and p r e s s i n g  b e tw e e n  th e  h e a t e d  p l a t e n s  o f  
a h a n d - o p e r a t e d  s c r e w  p r e s s .  The p r e - p r e g  pack  was p r e - h e a t e d  i n  the  
p r e s s  under m in im a l  p r e s s u r e  f o r  10  m i n u t e s  a t  130°C t o  m e l t  t h e  r e s i n .  
I t  was th e n  removed t o  a vacuum oven  and d e g a s s e d  f o r  15 m in u t e s  a t  
130°C when i t  was r e t u r n e d  t o  th e  p r e s s .  The p l a t e n  t e m p e r a tu r e  was  
th e n  r a i s e d  t o  175°C o v e r  a p e r i o d  o f  10 m in u te s  w h i l s t  th e  p r e s s  was  
g e n t l y  s c r e w e d  down o n t o  m e t a l  s t o p s  w h ic h  e s t a b l i s h e d  th e  f i n a l  
l a m in a t e  t h i c k n e s s .  I n  t h i s  way t h e  e x c e s s  r e s i n  and any r e m a in in g  
v o i d s  w ere  e x p e l l e d  th r o u g h  th e  open  ends o f  th e  tr o u g h  .mould and good  
q u a l i t y  l a m i n a t e s  p r o d u c e d .  The cu re  was c o n t i n u e d  a t  175°C f o r  
6 0  m in u t e s  a f t e r  w h ic h  t h e  mould was removed from  th e  p r e s s ,  th e  
l a m in a t e  e x t r a c t e d  and f i n a l l y  p o s t - c u r e d  f o r  a f u r t h e r  3  h o u r s  a t  
175°C .
P a r a l l e l  s i d e d  t e n s i l e  t e s t  p i e c e s  200mm x  10mm w id e  w e r e  c u t  from  
th e  l a m i n a t e s  w i t h  a diamond saw and a lu m in iu m  a l l o y  and t a b s  bonded  
on w i t h  an ep o x y  r e s i n  a d h e s i v e .  S t r a i n  g a u g e s  w e r e  p o s i t i o n e d  on 
th e  c e n t r a l  p o r t i o n  o f  t h e  g au ge  l e n g t h  as  shown i n  F ig u r e  I .
2 . 3  T e s t i n g
At l e a s t  f i v e  t e s t  p i e c e s  o f  e a c h  l a y - u p  were t e s t e d  i n  an I n s t r o n  
t e s t i n g  machine a t  a s t r a i n  r a t e  o f  M . .5  10” A s “ l .  The t e s t s  w ere
m o n i to r e d  w i t h  an a c o u s t i c  e m i s s i o n  d e t e c t o r  w h ic h  m easu red  c o u n t  r a t e .  
Both  l o a d - s t r a i n  and a c o u s t i c  r a t e  were  a u t o g r a p h i c a l l y  r e c o r d e d ,  a 
t y p i c a l  t r a c e  b e i n g  shown i n  F ig u r e  2 .  A f t e r  f r a c t u r e  t h e  g e n e r a l  
f a i l u r e  p a t t e r n  was n o t e d  and s p e c im e n s  w ere ta k e n  from  t y p i c a l  r e g i o n s  
f o r  o p t i c a l  and s c a n n i n g  e l e c t r o n  m i c r o s c o p y .
ACOUSTIC EMISSION 
LOAD.
0.015 0.020.01 
HYBRID STRAIN
0 ,0050.0
5 0  mm
GLASS
CARBON
•GLASS1 0 0 mm
STRAIN
GAUGE
10mm
 ALUMINIUM
TAG5 0 m m
F i g .  1 .  C o n s t r u c t i o n  o f  s t a n d a r d  F i g .  2 .  L o a d - s t r a i n ,  and a c o u s t i c
s p e c i m e n .  e m i s s i o n  r a t e - s t r a i n  t r a c e s  f o r  a
h y b r id  sh o w in g  s u c c e s s i v e  f r a c t u r e s  
o f  th e  c a r b o n - p l y  a t  a , b ,  and c .
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2 . 4  Range o f  C o m p o s i te s  T e s t e d
The a im  o f  t h e  work was t o  i n v e s t i g a t e  t h e  e f f e c t  o f  h y b r id  r a t i o  
and t h e  s t a t e  o f  d i s p e r s i o n  o f  th e  two f i b r e  t y p e s .  T h is  has  b e e n  
done w i t h i n  t h e  r e s t r i c t i o n s  im posed  by t h e  c h o i c e  o f  a p r e - p r e g  
s y s t e m  w h ic h  a l l o w s  o n l y  f o r  a th r o u g h  t h i c k n e s s  v a r i a t i o n  i n  
d i s p e r s i o n  o f  t h e  l a m i n a t e ,  and v a r i a t i o n s  i n  q u a n ta  o f  one p r e - p r e g  
l a y e r .
Most o f  t h e  work was done on g l a s s - c a r b o n - g l a s s  sa n d w ic h  l a m in a t e s  
u s i n g  b o th  CM and CT c a r b o n ,  b u t  some m u l t i p l e -  l a y e r - l a m i n a t e s  w ere  
a l s o  p r e p a r e d .  D e t a i l s  o f  l a m in a t e  geom etry  t o g e t h e r  w i t h  b a s i c  
m e c h a n ic a l  t e s t  d a ta  a r e  g i v e n  i n  T a b le  I I .
When com p arin g  th e  p r o p e r t i e s  o f  h y b r id  c o m p o s i t e s  two fu n d a m e n ta l  
c o n s t i t u t i o n a l  p a r a m e te r s  s h o u l d  be c o n s i d e r e d ,  t h e  h y b r i d  r a t i o  and  
th e  s t a t e  o f  d i s p e r s i o n .
The h y b r i d  r a t i o  i s  e x p r e s s e d  h e r e  as  th e  p r o p o r t i o n s  o f  th e  t o t a l  
l a m in a t e  t h i c k n e s s  r e p r e s e n t e d  by e a c h  r e i n f o r c i n g  com ponent .  ( e . g .  
f o r  a 1 : 1 : 1  g l a s s - c a r b o n - g l a s s  h y b r id  th e  carbon f r a c t i o n ,  P c = 0 . 3 3 ,  
and t h e  g l a s s  f r a c t i o n ,  Pg = 0 . 6 7 . )  We have d e f i n e d  d i s p e r s i o n  as  
th e  r e c i p r o c a l  o f  th e  t h i c k n e s s  ( i n  m e t r e s )  o f  th e  s m a l l e s t  
r e p r e s e n t a t i v e  r e p e a t  u n i t  o f  th e  l a m in a t e :
D = —  cr
In  t h e  c a s e  o f  t h e  s i m p l e  sa n d w ic h  l a m in a t e s  t r  i s  th e  t o t a l  l a m in a t e  
t h i c k n e s s .
F ig u r e  3 i s  a t w o - d i m e n s i o n a l  r e p r e s e n t a t i o n  o f  the  ran ge  o f  
l a m in a t e s  s t u d i e d .  The l e f t - h a n d  v e r t i c a l  a x e s  show d i s p e r s i o n f and 
t h e  number o f  p r e - p r e g  la m in a e  i n  t h e  t h i c k n e s s  r e s p e c t i v e l y ,  w h i l s t  
th e  h o r i z o n t a l  a x i s  i s  th e  carb on  f r a c t i o n ,  P c . The two s e t s  o f  
h y p e r b o l a e  i l l u s t r a t e  the  r e s t r i c t i o n s  t h a t  a l l  l a m in a t e s  be 
c o n s t r u c t e d  from i n t e g r a l  numbers o f  l a m in a e ,  and t h a t  f o r  a b a l a n c e d  
t h r e e - l a y e r  c o n s t r u c t i o n  t h e r e  must be  an e v e n  number o f  g l a s s  l a m in a e .  
Lam inate  g e o m e t r i e s  s a t i s f y i n g  t h e s e  c o n d i t i o n s  a r e  found  a t  the  
i n t e r s e c t i o n s  o f  th e  h y p e r b o l a e ,  and t h o s e  f a b r i c a t e d  are  i n d i c a t e d .
The open  c i r c l e s  r e p r e s e n t  m u l t i p l e - l a y e r - l a m i n a t e s .
3 .  MECHANICAL PROPERTIES
M e c h a n ic a l  t e s t i n g  has shown t h a t  l a m in a t e  geo m etry  h a s  a p r o fo u n d  
e f f e c t  on th e  p r o p e r t i e s  o f  t h e  h y b r i d s .  The m ost  n o t a b l e  i s  an 
i n c r e a s e  i n  carbon  l a y e r  f a i l u r e  s t r a i n  o f  up t o  35% (CT) o r  45% (CM), 
and t h i s  i s  term ed  th e  " h y b r id  e f f e c t " .  F u r th e r  im p o r ta n t  f i n d i n g s  
a r e  a s i z e  e f f e c t  i n  a l l - c a r b o n  c o m p o s i t e s ,  and th e  o b s e r v a t i o n  o f  a 
m u l t i p l e  f r a c t u r e  f a i l u r e  mode, i n  w h ich  p r o g r e s s i v e  f a i l u r e  o c c u r s  i n  
t h e  carbon com ponent o f  th e  h y b r i d .
3 . 1  O b s e r v a t i o n s  P r e c e d i n g  C a r b o n -P ly  F a i l u r e
The f i r s t  p o r t i o n  o f  t h e  l o a d - s t r a i n  c u r v e  i s  v i r t u a l l y  l i n e a r  and  
th e  o b s e r v e d  e l a s t i c  modulus i s  i n  c l o s e  ag r e e m e n t  w i t h  t h a t  p r e d i c t e d  
by th e  p a r a l l e l  r u l e  o f  m i x t u r e s .  A l th o u g h  no e x t e r n a l  ch a n g es  a r e  
n o te d  i n  t h i s  r e g i o n ,  t h e  a c o u s t i c  e m i s s i o n  r a t e  c o u n t  becom es  
s i g n i f i c a n t  a t  s t r a i n s  o f  ab o u t  0 . 0 0 5  and th e n  i n c r e a s e s  p r o g r e s s i v e l y  
up t o  th e  f i r s t  ca rb o n  p l y  f a i l u r e ,  F ig u r e  2 .  M i c r o s t r u c t u r a l  
e x a m i n a t i o n  o f  sp e c im e n s  lo a d e d  t o  j u s t  b e lo w  th e  f i r s t  c a r b o n - p l y
1150
199
3 v w iw \n  Noaavo j o  a a e w n u
o
CD CO n e 0 ) 0 )
CJ
cx Cl •H JZ 
*■» 6 
r-i 3
i  e01JC
3 v n iw \h  j o  a a a w n N  i v i o i
t -.w ( e 0 l * )  N 0 IS a 3 d $ IQ
O £> U
C Cl
3 V N iw \n  N o a a v o  j o  a3aw nNo
o
o
CNO
O O
miwn j o  a 3 aw n N  i v i o i
o .
fM*
ino'i-m ( e c u * ) N o i s a a a s i a
po
e x>o u•H CO
U o
Vcc CJ
u f-Huw •H(A
c c=o 0)
X
CO.eu &c•h
*o •ccCO/-NCO
c wo•H ccc o
uai *o
Cu QJcc CO
•H CO
• o .C co
V4 *o rC
o GJ M
4J COCJ •H oCC CO
e o COCO
u &
3r”i
o 3a LI ♦o
*c oH fo.O B.3• •a 00
0) •H•c
01C>0 f> ✓-S
•H o Xu s—'
1151
200
F i g .  h .  L o n g i t u d i n a l  s e c t i o n  o f  a 
m a tr ix  c r a c k  l i m i t e d  i n  e x t e n t  by  
g l a s s  f i b r e s .  S c a l e  b a r  10pm
•v<v".
F i g .  5 .  M a tr ix  c r a c k  s u r r o u n d in g  
a c a rb o n  f i b r e  a t  a r e s i n - r i c h  
g l a s s / c a r b o n - p l y  i n t e r f a c e .
(a )  S u r f a c e  r e f l e c t i o n  (b )  F ocus  
b e lo w  s u r f a c e  s h o w in g  c r a c k  a r r e s t  
n e a r  a d j a c e n t  f i b r e s .  S c a l e  b a r  
1 0  pm
f a i l u r e  s t r a i n  t y p i c a l l y  shows few  f i b r e  b r e a k s ,  b u t  e x t e n s i v e  m a t r i x  
c r a c k i n g .  The m a t r i x  c r a c k s  a r e  norm al t o  th e  f i b r e  a x e s  ( t h i 6 was  
a l s o  th e  t e n s i o n  a x i s ) , and a r e  c l e a r l y  s e e n  t o  h ave  b e e n  a r r e s t e d  a t  
th e  f i b r e s ,  F i g u r e s  4 and 5 .  T h ese  m a t r i x  c r a c k s  a p p e a r  t o  be more 
common i n  r e s i n  r i c h  r e g i o n s .
I n  an a t t e m p t  t o  i d e n t i f y  b r o k e n  f i b r e s ,  we h a v e  d e v e l o p e d  an  
e l e c t r o l y t i c  e t c h i n g  t e c h n i q u e  [ 1 1 ] ,  w h ich  i 6 a b l e  t o  d i s t i n g u i s h  
b e tw e e n  c o n d u c t i n g  and n o n - c o n d u c t i n g  f i b r e s  r u n n in g  th r o u g h  a t h i n  
( ‘vO.lmm) t r a n s v e r s e  s e c t i o n  o f  t h e  l a m i n a t e .  T here  i s  a c o l o u r  
change  on c o n d u c t i n g  f i b r e s ,  w h e r e a s  u n e tc h e d  (b r o k e n )  f i b r e s  r e m a in  
b r i g h t ,  and a r e  s e e n  t o  be  g r o u p e d ,  and f r e q u e n t l y  a s s o c i a t e d  w i t h  
m a t r i x  c r a c k i n g ,  w h ic h  a p p e a r s  b r i g h t  under c r o s s e d  p o l a r s  ( F i g u r e  6 ) .
Up t o  f r a c t u r e  t h e  number o f  i s o l a t e d  f i b r e  b r e a k s  i s  s m a l l ,  ab o u t  
i o i o  m” ^ ,  and t h e y  have  n o t  b e e n  o b s e r v e d  i n  l o n g i t u d i n a l  s e c t i o n s .
I t  i s  p r o b a b le  t h a t  b o th  f i b r e  f r a c t u r e s  and m a t r i x  c r a c k s  c o n t r i b u t e  
t o  t h e  b u i l d - u p  i n  a c o u s t i c  e m i s s i o n  o b s e r v e d ,  b u t  i t  h a s  n o t  b e e n  
p o s s i b l e  t o  a t t r i b u t e  t h e i r ,  r e l a t i v e  c o n t r i b u t i o n s .
3 . 2  C a r b o n -P ly  F a i l u r e
On l o a d i n g  th e  h y b r i d  la m in a t e  th e  n e a r - l i n e a r  lo a d  s t r a i n  
c h a r a c t e r i s t i c  i s  m a i n t a i n e d  u n t i l  a m ajor  f a i l u r e  o c c u r s  i n  t h e  c a r b o n -  
p l y  ( F i g u r e  2 ) .  At t h i s  p o i n t  t h e r e  i s  a t r a n s v e r s e  f r a c t u r e  a c r o s s  
t h e  c a r b o n - p l y  w i t h  c o n s e q u e n t  d e b o n d in g  a l o n g  th e  c a r b o n - g l a s s  
i n t e r f a c e .  The l o a d - s t r a i n  t r a c e  shows a l o a d  drop a t  t h i s  p o i n t  b u t  
on f u r t h e r  e x t e n s i o n ,  t h e  lo a d  r i s e s ,  though a t  r e d u c e d  s l o p e .  The 
e x a c t  sh a p e  o f  th e  c u r v e  i s  d e t e r m in e d  by th e  m achine s t i f f n e s s  and by 
th e  p o s i t i o n  o f  th e  s t r a i n  gauge  r e l a t i v e  to  th e  p o s i t i o n  o f  th e  
c a r b o n - p l y  f r a c t u r e .  A h i g h  and i r r e g u l a r  r a t e  o f  a c o u s t i c  e m i s s i o n  
i s  o b s e r v e d  d u r in g  t h e  s e q u e n c e  o f  carbon  p l y  f a i l u r e  and a s s o c i a t e d  
e v e n t s .
F i g .  6 . E tc h e d  c r o s s  s e c t i o n  o f  (b)  A s s o c i a t i o n  o f  m a t r i x  c r a c k s
f a i l e d  h y b r id  s h o w in g :  (a )  G rouping  ( b r i g h t  a r e a s )  w i t h  ca r b o n  f i b r e
o f  b rok en  carbon  f i b r e s  ( b r i g h t  b r e a k s  i n  t h e  same f i e l d .  ( P o l a r i z e d
u n e tc h e d  s m a l l  f i b r e s )  l i g h t ) . S c a l e  b a r  100pm
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TABLE I I
LAMINATE PROPERTIES
Lay-up sequence D i s p e r s i o n Carbon Modulus F a i l u r e Pai lure. Debond Hybrid  E f f e c t /
No. o f lam inae  o f (m_1l f r a c t i o n s t r e s s s t r a i n l e n g t h S ic e  E f f e c t .
g l a s s , c a r u o u , g l a s s X 10J P c (G Pa) (G Pa) h C arb o n -p ly(mm) f a i l u r e  s t r a i n
in c r e a s e 4 ° / u )
E -  C la ss  co m p o s i te s
3 - - 2 .67 0 . 0 A5 1.20 .027 -
12 - - 0 .6 7 0 . 0 AA 1.21 .028 -
High T e n s i l e  c arbon : A l l - c a r b o n  c om posi tes  ar.d h y b r i d s
-  1 - 6 .0 0 1 .0 126 0 .97 .0077 - - 3 3
-  2 - A.00 1 .0 128 1.13 .0088 - -2A
-  3 - 2 .6 7 1 . 0 1A3 1 .AS .0103 - - 1 0
-  A - 2 .0 0 1 . 0 129 1.25 .0097 - -16
-  12 - 0 .6 7 1 .0 1AA 1.66 .0115 - O.C
1 1 1 2 .6 7 0 .3 3 83 1.0A .0125 32 +8.7
2 1 2 1 .6 0 0 .2 0 65 0 .92 .01A2 31 +2 A
3 1 3 1.1A 0.1A 59 0 .8 7 .01AD 17 +29
A 1 A 0.89 0 .1 1 60 0 .9 0 .03 AS 10 +30
6 1 6 0 .6 2 0 .08 55 0 .8 2 .0150 6 + 30
9 1 9 0.A2 C .05 A9 0.76 .0155 3 + 35
2 2 2 1 .3 3 0 .33 76 1.03 .0135 >100 *17
3 2 3 1 .00 0 .2 5 72 0 .9 7 .0135 >100 + 17
1 3 1 1 .6 0 0 . 6 0 10A 1. A3 .0137 100 + 19
3 3 3 0 .8 9 0.33 77 1.0A .0136 >100 +18
8 3 e 0.A2 0.16 58 0.82 .0 1 A 1 >100 +23
3 8 3 0.57 0 .57 1C2 1.38 .0136 >100 + 18
1 9 l 0 .7 3 0 .8 2 109 1 .AO .0129 >100 +12
8 9 8 0 .3 2 0 .36 81 1.03 .0127 >100 110
(1EC i c r )  * e A.00 0 . 5 0 93 1 .20 .0129 - + 12
(2LC, 2CT) x 3 2 .0 0 0 .5 0 90 1 .23 .0136 + 18
High Modulus carb o n : A l l - c a r b o n  c c r p o s i t e s  and h v b r i  ds
-  3 - 2 .6 7 1 .0 J.8A 1.11 .0060 - -1 3
-  12 - 0 .67 1 .0 192 1.33 ,0069 - 0 . 0
1 1 1 2 .67 0 .3 3 95 0 .75 .0079 - + 15
2 2 2 1.33 0 .3 3 99 0 .8 3 .008A - +2 2
3 3 3 0 .89 0 .3 3 89 0.75 .008A - +2 2
6 7 6 . 0.A2 0 .37 100 0 .8 2 .•0082 - +19
S 3 a 0.A2 0 .16 65 0 .55 .COSA - *2 2
9 1 0 0.A2 0 .0 5 50 0 .51 .0101 - +A6
( I C C , 1CM) x A A .00 0 . 5 0 119 0 .95 . 0 0 8 0  ! - + 16
(2EG, 2CN.) x 2 2 .0 0
I
0 .5 0 119 0 .87 .0073 I
i
- +6
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The s t r a i n  a t  w h ic h  t h e  f i r s t  c a r b o n - p l y  f a i l u r e  o c c u r r e d  was  
fo u n d  t o  be  d e p e n d e n t  on l a m in a t e  g e o m e tr y .  The d e t a i l s  a r e  g i v e n  i n  
T a b le  I I ,  and i n  F ig u r e  7 .  The h y b r i d  e f f e c t ( r e l a t i v e  t o  a s t a n d a r d
1.5mm t h i c k  a l l - c a r b o n  la m in a t e )  i s  shown i n  a 3 - d i m e n s i o n a l  
r e p r e s e n t a t i o n  a g a i n s t  c a r b o n - f r a c t i o n  and d i s p e r s i o n .  I t  w i l l  be  
s e e n  t h a t  t h e  e f f e c t  i n c r e a s e s  s t r o n g l y  as th e  ca rb o n  f r a c t i o n  i s  
d e c r e a s e d  and a l s o  i n c r e a s e s  as th e  d i s p e r s i o n  i s  i n c r e a s e d .  N o te  
a l s o  t h e  r e d u c e d  f a i l u r e  s t r a i n  f o r  t h e  t h i n n e r  a l l - c a r b o n  l a m i n a t e s .  
P a r t  o f  t h e  h y b r i d  e f f e c t  may be e x p l a i n e d  by t h e  th e r m a l  s t r e s s e s  
in d u c e d  i n  t h e  l a m in a t e  ( s e c t i o n  4 . 1 )  and t h i s  i s  a l s o  i n d i c a t e d  on 
t h e  d i a g r a m s .  The e f f e c t  i s  more p ro n o u n ced  i n  th e  c a s e  o f  th e  
EG-CM h y b r i d s .
F i g u r e  8  shows t h e  g e n e r a l  c h a r a c t e r i s t i c s  o f  th e  r e g i o n  around  
th e  c a r b o n - p l y  f r a c t u r e .  The main t r a n s v e r s e  f r a c t u r e  i s  t y p i c a l l y  
o f  c r u c i f o r m  s h a p e  and d e b o n d in g  o c c u r s  b e tw e e n  th e  c a rb o n  and g l a s s  
p l i e s  o u tw a r d s  from  t h e  l i n e  w here  th e  t r a n s v e r s e  f r a c t u r e  i n t e r s e c t s  
t h e  g l a s s - c a r b o n  i n t e r f a c e .  Note t h a t  th e  r e g i o n  b e t w e e n  th e  two arms 
o f  t h e  f r a c t u r e  i s  n o t  d eb o n d ed .  T h i s  i s  c l e a r  from th e  p h o t o ­
m ic r o g r a p h s  o f  F i g u r e s  9 and 1 0 .  F ig u r e  11 i s  a s e c t i o n  c u t  i n  th e  
p l a n e  o f  l a m i n a t i o n  and shows t h e  i r r e g u l a r  b r a n c h e d  form o f  th e  
f r a c t u r e .  We i n t e r p r e t  t h i s  e v i d e n c e  to  i n d i c a t e  t h a t  t h e  f r a c t u r e  
was i n i t i a t e d  w i t h i n  th e  c a r b o n - p l y  and t h a t  th e  c r u c i f o r m  c r a c k s  th e n  
grew o u t  a c r o s s  t h e  p l y  t o  t h e  g l a s s - c a r b o n  i n t e r f a c e ,  w h ic h  th e n  
debonded under th e  i n f l u e n c e  o f  th e  in d u c e d  s h e a r  s t r e s s e s .  T h er e  i s  
a l s o  a s u g g e s t i o n ,  F ig u r e  1 1 ,  t h a t  th e  f r a c t u r e  p a th  p r o p a g a t e d  i n  one  
d i r e c t i o n  a c r o s s  th e  w id th  o f  t h e  t e s t  p i e c e  as e v i d e n c e d  by  th e  
d i r e c t i o n  o f  t h e  b r a n c h i n g .
GLASS CARBON GLASS
INTERFACE
DEBONDING.
TRANSVERSE 
FRACTURE-
DEBOND 
LENGTH L.
F i g . 8 . S c h e m a t ic  o f  t y p i c a l  
c r u c i f o r m  c r a c k  i n  t h e  c a r b o n - p l y  
and a s s o c i a t e d  d e b o n d in g .  The 
t e n s i l e  a x i s  i s  v e r t i c a l .
1QO urn ,
F i g . 9 .  T y p i c a l  ca r b o n  p l y  f a i l u r e  
s h o w in g  th e  c r u c i f o r m  t r a n s v e r s e  
f r a c t u r e  a t  c e n t r e ,  and i n t e r f a c e  
d e b o n d in g  i n d i c a t e d  by a r r o w s .
205
3 . 3  M u l t i p l e  C ra ck in g
The m easu red  r a n g e  o f  debond l e n g t h s  i s  r a t h e r  l a r g e ,  from  s e v e r a l  
m i l l i m e t r e s  t o  g r e a t e r  than  1 0 0 mm ( i . e .  g r e a t e r  than  the  gau ge  l e n g t h ) .  
I n  t h i s  l a t t e r  c a s e  c o n t i n u e d  l o a d i n g  o f  th e  c o m p l e t e l y  debonded  
s p e c im e n  a f t e r  th e  carbon  p l y  f a i l u r e  r e s u l t s  o n l y  i n  f a i l u r e  o f  th e  
r e m a in in g  g l a s s  p l i e s  a t  t h e i r  u l t i m a t e  s t r e n g t h ,  and the  ca rb o n  has  
no f u r t h e r  i n f l u e n c e  on th e  lo a d  c a r r y i n g  c a p a c i t y  o f  th e  l a m i n a t e .
When th e  debond l e n g t h  i s  l e s s  tha n  t h e  gauge l e n g t h ,  f u r t h e r  s t r a i n i n g  
a f t e r  th e  i n i t i a l  f a i l u r e  c a u s e s  f u r t h e r  f r a c t u r e s  a t  random p o s i t i o n s  
i n  t h e  r e m a in in g  bonded p o r t i o n s  o f  t h e  s p e c im e n .  R e p e a te d  carb on  
p l y  f a i l u r e  a t  a p p r o x i m a t e l y  c o n s t a n t  lo a d  i s  shown i n  F ig u r e  2 ,  and i s  
s e e n  t o  b e  acco m p a n ied  by h ig h  a c o u s t i c  o u t p u t .  ( I n  a m u l t i p l y -  
c r a c k e d  s p e c im e n  th e  s t r a i n  i s  n o t  u n i fo r m  a l o n g  t h e  gauge l e n g t h ,  
w h ich  a c c o u n t s  f o r  th e  m ism atch  i n  t h e  t r a c e s  i n  F ig u r e  2 ,  a s  th e  A .E .  
t r a c e  was r e l a t e d  t o  c r o s s  head  d i s p l a c e m e n t  and t h e  l o a d  t r a c e  t o  
s t r a i n  gauge r e a d i n g . )  U l t i m a t e l y  m ost  o f  t h e  h y b r i d  becom es  
d e b o n d ed ,  and t h e  s t r e n g t h  and s t i f f n e s s  approach  t h a t  o f  t h e  g l a s s  
p l i e s  a l o n e .  As n o t e d  p r e v i o u s l y ,  t h e r e  i s  a l o a d  drop a s s o c i a t e d  
w i t h  e a c h  c a r b o n - p l y  f r a c t u r e .  On f u r t h e r  s t r a i n i n g  th e  debonded  
zone has  b een  o b s e r v e d  t o  p r o p a g a t e ,  u l t i m a t e l y  r e a c h i n g  a v a l u e  w h ich  
a p p e a r s  t o  b e  a c h a r a c t e r i s t i c  o f  th e  p a r t i c u l a r  h y b r id  g e o m e t r y .
The p r a c t i c a l  s i g n i f i c a n c e  o f  t h e s e  o b s e r v a t i o n s  i s  t h a t  the  
i n i t i a l  f r a c t u r e  i n  the  c a r b o n - p l y  d o es  n o t  p r o p a g a te  a c r o s s  th e  g l a s s  
p l i e s  but  i s  c o n t a i n e d  by the  d e b o n d in g  a t  the  c a r b o n - g l a s s  i n t e r f a c e .  
T h is  debonded zone i s  a l s o  r e s t r i c t e d  and t h i s  i m p l i e s  t h a t  l o a d  can  
be  p r o g r e s s i v e l y  d i f f u s e d  back  i n t o  c a r b o n - p l y  away from t h e  f r a c t u r e  
s o  t h a t  th e  c a i b o n - p l y ,  away from t h e  f r a c t u r e  z o n e ,  rem a in s  c a p a b le  
o f  b e a r i n g  l o a d .  T h i s  w i l l  have  a s i g n i f i c a n t  e f f e c t  on t h e  o v e r a l l  
work o f  f r a c t u r e . a l t h o u g h  t h i s  a s p e c t  has n o t  b een  i n v e s t i g a t e d  i n  th e  
p r e s e n t  work.
;
££&£ DIRECTION OF FRACTURE
F i g .  1 0 .  S c a n n in g  e l e c t r o n  
m ic r o g r a p h  o f  a g l a s 6 - p l y . a f t e r  
f r a c t u r e  and d e b o n d in g  o f  th e  
c a r b o n - p l y .  S h o r t  l e n g t h s  o f  
carb on  f i b r e  rem ain  bonded as  a 
r e s u l t  o f  t h e  c r u c i f o r m  f r a c t u r e ,  
and d e l i n e a t e  t h e  f r a c t u r e  p a t h .
; 5 0 0  urn ,
F i g .  1 1 .  S e c t i o n  o f  c a r b o n - p l y  
f a i l u r e  i n  t h e  p l a n e  o f  l a m i n a t i o n .  
B r a n c h in g  o f  th e  c r a c k  p a t h  s u g g e s t  
a d i r e c t i o n  o f  f r a c t u r e  as  a r r o w e d .
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A. DISCUSSION
A . l  Thermal C o n t r i b u t i o n  t o  H ybrid  E f f e c t
Carbon f i b r e  h a s  a s m a l l  n e g a t i v e  l o n g i t u d i n a l  t h e r m a l  e x p a n s i o n  
c o e f f i c i e n t ,  w h e r e a s  g l a s s  f i b r e  has  a much l a r g e r  p o s i t i v e  c o e f f i c i e n t ,  
s o  on c o o l i n g  from  th e  r e s i n - c u r e  t e m p e r a tu r e  th e  ca rb o n  component o f  a 
h y b r id  i s  p l a c e d  i n  c o m p r e s s i o n ,  and t h e  g l a s s  . i n  t e n s i o n .  The h y b r id  
s t r a i n  a t  c a rb o n  f a i l u r e  i s  e x p e c t e d  t o  i n c r e a s e  by an amount e q u a l  t o  
t h e  c o m p r e s s i v e  s t r a i n  i n  t h e  c a r b o n .
F ig u r e  12 shows t h e  t h e r m a l l y  i n d u c e d  l o a d s  and s t r a i n s  i n  a h y b r id  
a f t e r  c o o l i n g  (away from  th e  r e g i o n s  o f  end e f f e c t s )  and i s  the  m odel  
f o r  t h e r m a l  s t r a i n  c a l c u l a t i o n .  The th e r m a l  s t r a i n  m ism atch  A et > 
b e tw e e n  c a rb o n  and g l a s s  p l i e s ,  a f t e r  c o o l i n g  th r o u g h  a t e m p e r a tu r e  
d i f f e r e n c e  AT i s  A c t  = ( a c -  a g )  AT, where a c and otg a r e  l o n g i t u d i n a l  
e x p a n s i o n  c o e f f i c i e n t s  o f  t h e  carbon  and g l a s s  co m p o n e n ts .  The 
f r a c t i o n  o f  t h i s  m ism a tch  w h ic h  a p p e a r s  as  a s t r a i n  i n  t h e  carb on  p l y  
i s  Sg w here  Sg and Sj  ^ are  t h e  g l a s s  component and h y b r i d  s t i f f n e s s e s
Sr e s p e c t i v e l y .  The c a r b o n - p l y  c o m p r e s s io n  i s  th e n  c t  »■* Ac
The f r a c t i o n  Sg = e c t  i s  a f u n c t i o n  o n l y  o f  m a t e r i a l  c o n s t a n t s  and 
$h 2^7
t h e  h y b r id  r a t i o ,  and i s  in d e p e n d e n t  o f  d i s p e r s i o n  as s e e n  in  F ig u r e  13  
w here  i t  i s  p l o t t e d  a g a i n s t  P c . The s t r a i n  m ism atch  h a s  a l s o  been  
m easured  e x p e r i m e n t a l l y  by o b s e r v a t i o n  o f  the  t h e r m a l l y  in d u c e d  b e n d in g  
o f  u n b a la n c e d  l a m i n a t e s .  T h is  i s  1 . 0  x  10 - 3 f o r  th e  CT -  EG s y s t e m ,  
and 0 . 9 3  x  1 0 " 3  f o r  th e  CM -  EG s y s t e m .
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F i g .  1 2 .  Thermal s t r e s s  and s t r a i n  F i g .  13 .  The p r o p o r t i o n  o f  t h e
i n  a s a n d w ich  h y b r i d  a f t e r  c u r e .  t h e r m a l l y  in d u c e d  s t r a i n  m ism atch
The c a r b o n - p l y  i s  i n  c o m p r e s s i o n .  w h ic h  i s  accom m odat ion  by
c o m p r e s s io n  i n  t h e  c a r b o n - p l y ,  a s  
a f u n c t i o n  o f  ca r b o n  f r a c t i o n .
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The p r o p o r t i o n  o f  th e  s t r a i n  i n c r e a s e  a t t r i b u t a b l e  t o  th e r m a l  
c o n t r a c t i o n ,  shown i n  F i g u r e  7 ,  i s  o n l y  a s m a l l  f r a c t i o n  o f  t h e  t o t a l ,  
and th e  th e r m a l  e f f e c t  i s  t h e r e f o r e  n o t  a c o m p le te  e x p l a n a t i o n  o f  th e  
o b s e r v e d  phenomena.
4 . 2  F a i l u r e  T h e o r ie s
F a i l u r e  i n  u n i d i r e c t i o n a l  c o m p o s i t e s  may b e  c o n s i d e r e d  i n  term s o f  
e i t h e r  t h e  s t a t i s t i c a l  f a i l u r e  o f  f i b r e s  l e a d i n g  t o  some c r i t i c a l  
w e a k e n in g  o f  t h e  c o m p o s i t e  [ 5 - 8 ] ,  o r  by  t h e  a p p l i c a t i o n  o f  l i n e a r  
e l a s t i c  f r a c t u r e  m e c h a n i c s ,  [ 9  , 1 0 ] > a s s u m in g  th e  m a t e r i a l  t o  be  
m a c r o s c o p i c a l l y  h o m oge ne ous .  The f r a c t u r e  m e c h a n ic s  a p p ro a ch  i s  b e s t  
s u i t e d  t o  c o m p o s i t e s  c o n t a i n i n g  m a c r o s c o p i c  f l a w s  o f  known s i z e ,  and  
much l a r g e r  than  t h e  f i b r e s ,  w h i l e  th e  s t a t i s t i c a l  a p p ro a ch  i s  a p p l i e d  
t o  m a t e r i a l s  c o n t a i n i n g  no f l a w s  b eyon d  t h o s e  i n t r i n s i c  t o  t h e  
c o n s t i t u e n t s .  A p p ly in g  e i t h e r  a l o n e  t o  h y b r i d s  p r e s e n t s  a p r o b le m ,  i n  
t h a t  t h e y  i n i t i a l l y  c o n t a i n  n o  m a c r o s c o p i c  f l a w s ,  and w o u ld  t h e r e f o r e  
r e q u i r e  a s t a t i s t i c a l  t r e a t m e n t  o f  c r a c k  g r o w th .  H ow ever,  t h e  e n e r g y  
made a v a i l a b l e  f o r  f r a c t u r e  dep en d s on t h e  debond l e n g t h  (w h ic h  i t s e l f  
v a r i e s  w i d e l y  w i t h  h y b r i d  g e o m e tr y )  s o  t h a t  t h e  m a c r o s c o p i c  e n e r g e t i c s  
o f  f a i l u r e  must a l s o  be c o n s i d e r e d .
I d e a l l y  we w o u ld  w i s h  to  u n i f y  b o th  t r e a t m e n t s  and c o n s i d e r  t h e  
e n e r g e t i c s  o f  cra ck  p r o p a g a t i o n  as  f l a w s  d e v e l o p  d u r in g  s t r a i n i n g .
In  p r a c t i c e  our  ap p roach  has  b e e n  d e t e r m in e d  by th e  l a c k  o f  t h e o r e t i c a l  
or  e x p e r i m e n t a l  f l a w  s i z e  d a ta  s o  t h a t  we h ave  b e e n  u n a b le  t o  a d o p t  a 
cr a c k  p r o p a g a t i o n  c r i t e r i o n  f o r  f a i l u r e .  I n s t e a d  we c o n s i d e r  the
e n e r g y  b a l a n c e  as a f u n c t i o n  o f  s t r a i n ,  b e f o r e  and a f t e r  a f a i l u r e  i n
th e  o b s e r v e d  mode, and a r r i v e  a t  a minimum s t r a i n  c r i t e r i o n  f o r  su ch  a 
f a i l u r e .  The o b s e r v e d  f a i l u r e  s t r a i n  i s  e x p e c t e d  t o  be h i g h e r  than  \
t h i s  minimum v a l u e ,  b e c a u s e  n o t  o n ly  must th e  n e t  e n e r g y  b a l a n c e  be
f a v o u r a b l e ,  b u t  a l s o  a t  a l l  s t a g e s  o f  f a i l u r e ,  from t h e  v e r y  f i r s t  
f i b r e  b rea k  th r o u g h  to  th e  u l t i m a t e  p r o p a g a t i o n  o f  a m a c r o s c o p i c  c r a c k ,  
the e n e r g y  c o n d i t i o n s  must be f a v o u r a b l e .  We are  n o t  a t  p r e s e n t  a b l e  
t o  d i s c u s s  a f u l l  f a i l u r e  model i n c o r p o r a t i n g  th e  s t a t i s t i c a l  a s p e c t s  
o f  f l a w  d e v e lo p m e n t ,  b u t  th e  s i m p l e r  " b e f o r e  and a f t e r "  t r e a t m e n t  
a d o p te d  i n d i c a t e s  t h a t  th e  g l a s s  p l i e s  r e s t r i c t  th e  r e l a x a t i o n  o f  th e  
carb on  p l y ,  w h ich  n e c e s s i t a t e s  h i g h e r  h y b r i d  s t r a i n s  b e f o r e  s u f f i c i e n t  
e n e r g y  i s  a v a i l a b l e  f o r  f r a c t u r e .  T h is  b e h a v i o u r  we h ave  term ed  
c o n s t r a i n t .
C o n s id e r  a h y b r id  l a m in a t e  c o n t a i n i n g  a f a i l u r e  o f  t h e  form  
d e p i c t e d  i n  F ig u r e  8 . At th e  t r a n s v e r s e  f r a c t u r e  th e  l o a d  i n  the  
c a r b o n - p l y  i s  z e r o ,  but  t o  e i t h e r  s i d e  o f ’ t h i s  p o s i t i o n  t h e r e  i s  
t r a n s f e r  o f  l o a d  by f r i c t i o n  from th e  g l a s s  t o  carb on  a c r o s s  th e  
debonded i n t e r f a c e .  T h i s  r e s u l t s  i n  a p r o g r e s s i v e  b u i l d  up o f  s t r e s s  
i n  t h e  c a r b o n - p l y  away from  t h e  f r a c t u r e .  D e t a i l e d  c o n s i d e r a t i o n  o f  
th e  t h r o u g h - t h i c k n e s s  d i s p l a c e m e n t s  i n  t h e  debond zon e  i n d i c a t e s  a 
s m a l l  s e p a r a t i o n  a t  t h e  i n t e r f a c e ,  b u t  t h i s  a n t i c i p a t e d  s e p a r a t i o n  i s  
much s m a l l e r  th a n  t h e  o b s e r v e d  r o u g h n e s s  and d o es  n o t  c o u n t e r a c t  th e  
f r i c t i o n a l  f o r c e ,  w h ic h  we h a v e  assumed t o  b e  c o n s t a n t .  The l i n e a r  
i n c r e a s e  i n  c a r b o n - p l y  l o a d ,  and c o n c o m i t a n t  d e c r e a s e  i n  g l a s s - p l y  
l o a d  com bine to  a c o n s t a n t  l o a d i n g  on any h y b r id  c r o s s - s e c t i o n ,
F ig u r e  1 4 .  The s h e a r  s t r e s s  s u p p o r t e d  by f r i c t i o n  i s  c o n s i d e r e d  t o  be  
low  compared w i t h  t h a t  a c r o s s  a bonded i n t e r f a c e  and t h i s  i 6 shown i n  
F ig u r e  14 as  a sh a rp  s t e p .  The e l a s t i c  l o a d  t r a n s f e r  r a t e  i n  t h i s  
bonded  zo n e  a p p r o x im a t e s  t o  th e  r e s i n  s h e a r  s t r e n g t h ,  and t h i s  i s  shown  
t o  be much h i g h e r  than  t h e  f r i c t i o n a l  s t r e s s .
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F i g .  1 4 .  Model f o r  l o a d s  and lo a d  t r a n s f e r  m echanism s  
t o  one s i d e  o f  a c a r b o n - p l y  f r a c t u r e .
•We now c o n s i d e r  the  e n e r g y  change f o r  an i n f i n i t e s s i o n a l  i n c r e a s e  
i n  t h e  debond l e n g t h .  The c a r b o n - p l y  lo a d  a t  any p o i n t ,  x d i s t a n t  
from  th e  t r a n s v e r s e  f r a c t u r e ,  i s  2 x x ,  where  x i s  th e  f r i c t i o n a l  f o r c e  
p e r  u n i t  a r e a  a c t i n g  on ea ch  s i d e .  The sum o f  carbon  and g l a s s  l o a d s  
on any s e c t i o n  o f  t h e  debonded r e g io n  e q u a l s  th e  t o t a l  h y b r i d  lo a d
2 xx  + e S = e, S,
g g h h
(w here  s t i f f n e s s  i s  d e f i n e d  a s  t h e  p r o d u c t  o f  th e  modulus and t h i c k n e s s  
o f  th e  r e s p e c t i v e  c o m p o n e n t s ,  S = E l ) .  From w h ic h :
Ee = e h s h 2 t x   ( 1 )
" V  V
The s t i f f n e s s e s  o f  a l l  t i i r e e  p l i e s  a c t  i n  p a r a l l e l .
sh - Sg + Sc .....(2)
B e c a u se  t h e  debond e x t e n s i o n  i s  i n f i n i t e s i m a l  t h e r e  i s  no lo a d  
d r o p .  The change  i n  t h e  c a r b o n - p l y  s t r a i n  e n e r g y  o v e r  l e n g t h  dx i s ,
7 ch2 Sc dx - 7 Ec2 Sc <«>
The ch an ge  i n  g l a s s - p l y  s t r a i n  e n e r g y  o v e r  l e n g t h  dx i s ,
I  ch2 sg *  '  7 CE2 Eg dx 0>)
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The work o f  d e b o n d in g  i s ,
-  2 yd  dx ( c )
w here  Yp i s  th e  e n e r g y  t o  debond u n i t  a r e a  o f  i n t e r f a c e .
As t h e  debond e x t e n d s  dx t h e r e  i s  a r e l a t i v e  d i s p l a c e m e n t  o f  g l a s s  
and ca r b o n  p l i e s  o f  ( e „  -  e c ) dx a g a i n s t  t h e  t o t a l  f r i c t i o n a l  f o r c e  
t r a n s f e r r e d  t o  t h e  c a r b o n - p l y ,  2 x x .  The work o f  f r i c t i o n  i s ,
-  2 t x  ( e g -  e c ) dx (d)
F o r  t h e  debond e x t e n s i o n  dx th e  h y b r id  e x t e n d s  (Eg -  e^) dx and t h e  
l o a d  d o e s  w o rk ,
( e g -  Eh> Eh Sh . <e >
F or  s t a t i c  e q u i l i b r i u m  t h e  t o t a l  e n e r g y  ch an ge  i s  z e r o .  T h e r e f o r e ,
( a )  + (b )  + ( c )  + (d) + ( e )  *  0  
and s u b s t i t u t i n g  ( 1 ) and ( 2 ) f o r  Cg and t h r o u g h o u t  y i e l d s ,
^ r -  - 2 TCh Sc X + Ch2 Sc2 - 2Y
2 2 r  2g
D
where « -  U -  .  [
- i
The a p p r o p r i a t e  s o l u t i o n  f o r  t h e  s t a b l e  debond l e n g t h  Lp ( F i g u r e  8 ) 
i s  g i v e n  by:
Ld - (eh Sc - 28yd )^ ........(3)
2 x
The p h y s i c a l  s i g n i f i c a n c e  o f  t h i s  e q u a t i o n  can be s e e n  from  F ig u r e  14 .
The s i x  m e a s u r a b le  v a l u e s  o f  Lp p r o v i d e d  by t h e  CT -  EG s e r i e s  o f  
h y b r i d s  a r e  f i t t e d  t o  e x p r e s s i o n  ( 3 ;  t o  o b t a i n  v a l u e s  f o r  x and Yp*
T h is  was done by s u b s t i t u t i o n  o f  th e  Lp v a l u e s  i n  T a b le  I I  t o g e t h e r  
w i t h  th e  a p p r o p r i a t e  v a l u e s  o f  h y b r i d  s t r a i n  a t  th e  f a i l u r e  o f  th e  
c a r b o n - p l y .  T h ese  r e s u l t s  a r e  shown i n  F i g u r e s  15 and 1 6 ,  and th e  
v a l u e s  f o r  th e  i n t e r f a c e  f r i c t i o n  x and debond e n e r g y  Yp a re  0 . 5 9  MPa 
and 5 . 0  KJnf^ r e s p e c t i v e l y .  The v a l u e  f o r  x i s  c o m p a r a t i v e l y  low  
b e i n g  o n l y  1 % o f  t h e  r e s i n  s h e a r  s t r e n g t h  ( o r  i n t e r l a m i n a r  s h e a r  
s t r e n g t h ) .  T h i s  j u s t i f i e s  t h e  i n i t i a l  a s s u m p t io n s  on f r i c t i o n a l  l o a d  
t r a n s f e r .
I n  o r d e r  t o  e s t i m a t e  t h e  s t r a i n  a t  w h ic h  t h e  c a r b o n - p l y  i n  th e  
h y b r i d  w i l l  f a i l  we c o n s i d e r  t h e  e n e r g y  b a l a n c e  b e f o r e  and a f t e r  
f a i l u r e .  For a s m a l l  Lp th e  l o a d  drop a t  f a i l u r e  i s  n e g l i g i b l e  and  
th e  f r a c t u r e  i s  c o n s i d e r e d  t o  p r o c e e d  a t  c o n s t a n t  l o a d .  As t h e  l o a d ,  
and h e n c e  t h e  s t r a i n  e n e r g y  o f  t h e  bonded  p o r t i o n  o f  h y b r i d ,  rem ain  
c o n s t a n t ,  o n l y  t h e  vo lum e o f  m a t e r i a l  c o n t a i n e d  w i t h i n  t h e  debonded  
p o r t i o n  n e e d  b e  c o n s i d e r e d ,  F ig u r e  8 .
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F i g .  1 5 .  V a r i a t i o n  o f  th e  f a i l u r e  s t r a i n  o f  a s i n g l e  
ca rb o n  la m in a  h y b r i d s  w i t h  th e  s t i f f n e s s  p a r a m e te r  6 .
F i g .  1 6 .  V a r i a t i o n  o f  debond l e n g t h  w i t h  th e  s t i f f n e s s  
p a r a n e t e r  B f o r  s i n g l e  ca r b o n  la m in a  h y b r i d s .
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The e n e r g y  t e r n s  a s s o c i a t e d  w i t h  t e n s i l e  d e f o r m a t i o n s  a r e ,
W^  C a r b o n -p ly  s t r a i n  e n e r g y  b e f o r e  f a i l u r e  
W2  " " " " a f t e r
W3  G l a s s - p l y  " " b e f o r e  "
WA " " " " a f t e r
W3  F r i c t i o n a l  work a t  debonded i n t e r f a c e
Wg T r a n s v e r s e  f r a c t u r e  e n e r g y
W7 D eb o n d in g  f r a c t u r e  e n e r g y
Wg Work done b y  l o a d i n g  s y s t e m .
The c r i t i c a l  c o n d i t i o n  i s  t h a t  th e  e n e r g y  change  a t  f a i l u r e  s h o u l d  
be  z e r o ,  i . e .
(W1 + W3 + W8 5 “ (W2 + w4 + w 5  + we + w7> K 0  ........... <*>
T h ese  e n e r g y  term s a r e  e v a l u a t e d  b e lo w  f o r  a h y b r id  o f  u n i t  w i d t h .
1 2The carb on  s t r a i n  e n e r g y  d e n s i t y  i s  y  e c S c .
2
1  Eh "cW, -  El. S_ L
W2  ■ I  CC2  S c d*
J o
The g l a s s  s t r a i n  e n e r g y  d e n s i t y  i s  Eg Sg,  
2
:h
!f ‘Jo
W3 * ^ 2  S g LD
u« - 2 r °  7 es2 sg ■**
The r e l a t i v e  movement o f  p l i e s  a g a i n s t  th e  carb on  p l y  l o a d  o f  2t x  d o e s  
f r i c t i o n a l  w o rk ,
W,. ® 2 f D 2x x  ( e g -  e c ) dx
Jo
The t r a n s v e r s e  f r a c t u r e  e n e r g y  i s  s o ,
W6 " T^ Cc 
W7 ’  4
The h y b r id  l e a d  (S„ + S ) moves th r o u g h  a d i s t a n c e  e q u a l  t o  th e  
g l a s s - p l y  e x t e n s i o n  a t  f a i l u r e ,  d o in g  w ork ,
U 8  *  Eh <Sg  * Sc> 2 r Ld
Jo
dx -  ( e h Ld )
>
2 x x
C om bining W^  -  Wg i n  (4 )  w h i l e  s u b s t i t u t i n g  e c = —g— and (1 )  f o r  
c g g i v e s ,  c
- 2
Yj h a s  b e e n  m easu red  a t  82KJm u s i n g  th e  T o t t e r s a l l - T a p p m  t e s t  
c o n f i g u r a t i o n  [ 9 , 1 0 ]  and t h e  h i g h e r  p o s i t i v e  r o o t  o f  ( 5 )  i s  p l o t t e d  i n  
F ig u r e  1 7 .  The lo w e r  p o s i t i v e  r o o t  o f  (5 )  c o r r e s p o n d s  t o  a n e g a t i v e  
debond l e n g t h  i n  (3 )  and has  no p h y s i c a l  m e a n in g .  E q u a t io n  (5 )  
p r e d i c t s  a. f a i l u r e - s t r a i n  enhancem ent w i t h  i n c r e a s i n g  d i s p e r s i o n  and 
d e c r e a s i n g  carb on  r a t i o  and th e  e x p e r i m e n t a l  r e s u l t s  f o r  th e  1 - c a r b o n  
la m in a  s e r i e s  show a s i m i l a r  t r e n d ,  a l t h o u g h  t h e  e x t e n t  o f  t h e  e f f e c t  
i s  much l e s s  tha n  t h a t  p r e d i c t e d .  The r e s u l t s  f o r  th e  t h i c k e r  c a r b o n -  
p l y  s e r i e s  show v i r t u a l l y  no h y b r id  e f f e c t .  T h ese  e x p e r i m e n t a l  
r e s u l t s  i n d i c a t e  t h a t  t h e  c o n s t r a i n t  i s  o n l y  e f f e c t i v e  when t h e  c a r b o n -  
p l i e s  a r e  v e r y  t h i n .  The 3 - c a r b o n  la m in a e  h y b r i d s  a l l  f a i l  a t  
v i r t u a l l y  t h e  same s t r a i n  s o  we c o n c lu d e  t h a t  f a i l u r e  h e r e  i s  c o n t r o l l e d  
by t h e  i n t r i n s i c  s t r e n g t h  o f  th e  c a r b o n .  The 1 - c a r b o n  la m in a  s e r i e s  
shows a s i g n i f i c a n t  enhancem ent  from  a lo w e r  ( t h e  s i z e  e f f e c t )  i n t r i n s i c  
f a i l u r e  s t r a i n  o f  0 . 0 0 7 7 ,  t o  0 . 0 1 5 5  i n  t h e  h y b r i d .
The e x t e n t  o f  th e  d e v i a t i o n  b e tw e e n  t h e o r y  and e x p e r im e n t  i s  i n
p a r t  e x p l a i n e d  by t h e  c r u d e n e s s  o f  the  m o d e l ,  w h ich  n e g l e c t s  s h e a r
d i s p l a c e m e n t s  ( t h e s e  w o u ld  be m ost  s i g n i f i c a n t  f o r  s m a l l  debond l e n g t h s ) .  
A n o th e r  s o u r c e  o f  e r r o r  l i e s  i n  th e  v a l u e  u sed  f o r  Yj* T h i s  was
m easu red  u s i n g  a s lo w  bend t e s t  w h ich  a l lo w e d  f u l l  f i b r e  p u l l  o u t
w h e r e a s  i n  th e  h y b r id s  t h e r e  was a f a s t  f r a c t u r e  w i t h  l i m i t e d  p u l l  o u t .
5 .  CONCLUSIONS
( i )  The p r e s e n t  work has c o n f ir m e d  th e  e x i s t e n c e  o f  a h y b r id  e f f e c t  i n  
g l a s s - c a r b o n  san d w ich  l a m i n a t e s .  The f a i l u r e  s t r a i n  o f  th e  carbon  
( b r i t t l e )  l a y e r  may b e  en h a n ced  to  a d e g r e e  d e p e n d e n t  on la m in a t e  
g e o m e tr y .
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F i g .  1 7 .  C a r b o n -p ly  f a i l u r e  s t r a i n  f o r  a range  o f  o n e - ,  
and t h r e e - c a r b o n  la m in a  h y b r i d s ,  as found e x p e r i m e n t a l l y ,  
and as  p r e d i c t e d  by  t h e  c o n s t r a i n t  m odel o f  h y b r id  
f a i l u r e .  E x p e r im e n t a l  c u r v e s  show o n ly  1 - c a r b o n  la m in a  
h y b r i d s  are  s u b j e c t  t o  s i g n i f i c a n t  c o n s t r a i n t .
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( i i )  The e x t e n t  o f  the  h y b r id  e f f e c t  i s  g r e a t e r  when th e  p r o p o r t i o n  o f  
ca rb o n  i s  low and th e  d i s p e r s i o n  i s  h i g h .  The c a r b o n - p l y  f a i l u r e
6t r a i n  i n  th e  h y b r i d  can b e  as  much as  t w i c e  c h a t  o f  an a l l - c a r b o n  p l y  
o f  s i m i l a r  t h i c k n e s s .
( i i i )  The h y b r id  e f f e c t  i s  o n l y  s i g n i f i c a n t  when the  a b s o l u t e  t h i c k n e s s  
o f  t h e  c a r b o n - p l y  i s  s m a l l .  V i r t u a l l y  no e f f e c t  was o b s e r v e d  when t h e
carbon  p l y  t h i c k n e s s  e x c e e d e d  t h r e e  la m in a e  (0 .4m m ).
( i v )  T h ere  i s  c l e a r  e v i d e n c e  o f  a s i z e  e f f e c t  i n  a l l - c a r b o n  f i b r e  
l a m i n a t e s .  T h in n e r  la m in a t e s  f a i l  a t  lo w e r  s t r a i n s  than  t h i c k e r  on es  
o v e r  th e  r a n g e  e x p l o r e d  ( 0 . 1 3  -  2 .0m m).
(v )  The f a i l u r e  mode o b s e r v e d  i n  th e  h y b r id  c o m p o s i t e s  i n v e s t i g a t e d  was 
t r a n s v e r s e  f r a c t u r e  o f  t h e  ca rb o n  p l y  w i t h  l i m i t e d  d eb o n d in g  a l o n g  th e  
g l a s s - c a r b o n  p l y  i n t e r f a c e s .  The e x t e n t  o f  d e b o n d in g  h a s  b e e n  shown  
t o  d e c r e a s e  as the  d i s p e r s i o n  i s  i n c r e a s e d  and t h e  carbon p r o p o r t i o n  
r e d u c e d .  The a n a l y s i s  s u g g e s t s  t h a t  d e b o n d in g  c o u l d  be  i n h i b i t e d  i f
t h e  c a r b o n - p l y  c o u ld  be  made s u f f i c i e n t l y  t h i n .
( v i )  Thermal s t r e s s e s  i n t r o d u c e d  d u r in g  f a b r i c a t i o n  a c c o u n t  f o r  o n l y  a 
m inor  p a r t  o f  th e  o b s e r v e d  f a i l u r e  s t r a i n  e n h a n c e m e n t .  The b u lk  o f  
th e  e f f e c t  i s  a t t r i b u t e d  to  a c o n s t r a i n t  mechanism b u t  t h e r e  i s  o n l y  
m o de ra te  a g r e e m e n t  b e tw e e n  th e  e x p e r i m e n t a l  r e s u l t s  and t h e  s im p le  
model p r o p o s e d .
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